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This manual supersedes so much of TM 11-490, 10 August 1944, as pertains to direct-current electricity. 


CHAPTER 1! 
MAGNETISM 


1. Invisible Forces 


The two fundamental—and invisible—forces 
which are responsible for the wonders of elec- 
tronics are electric force and magnetic force. These 
are the forces which make possible the operation of 
electric motors, generators, lghts, doorbells, 
measuring instruments, and other electrical appa- 
ratus; they are the forces which comprise those 
invisible electromagnetic waves which travel 
through space at the speed of light to give us 
radio, television, radar, and the other electronic 
communication systems. This section of the 
manual presents many of the effects associated 
with magnetic force. It is magnetic force which 
attracts small bits of iron and steel to the end 
of the ordinary horseshoe magnet. It is magnetic 
force which swings a compass needle toward the 
North. Although most of the devices which 
utilize magnetic force can be classified as ‘‘mod- 
ern,” the more fundamental aspects of magnetic 
force—those dealing with magnetism—are as 
ancient as history itself. 


2. Early History of Magnetism 


The ancient Greeks knew that certain stones, 
found in the town of Magnesia in Asia Minor, 
had the property of attracting bits of iron. Quite 
appropriately, they called these stones magnetite. 
Legend tells of a shepherd, who thrust his iron 
staff into a hole containing magnetite and found 
to his dismay that he was unable to remove it. 
Another story dating back 2,300 years relates 
how Ptolemy Philadelphos had the entire dome 
of a temple at Alexandria made of magnetite in 
order that he might suspend a statue in mid-air. 
The experiment was a failure. Today, it is known 
that magnetite is an iron ore possessing magnetic 
- qualities. In other words, magnetite is an unre- 
fined product of nature, and is a natural magnet. 


3. Magnetic Compass 


The orientals learned that if a piece of magnetite 
were mounted or suspended in a horizontal plane 


and allowed to rotate, it would turn so that one 
particular end always pointed toward the North. 
The Europeans later learned of this discovery and 
used it as a magnetic compass to aid in navigation. 
Because of this property, the piece of magnetite 
came to be known as a leading stone or lodestone. 


4. Magnetism and Electricity 


Early students of science believed that magnet- 
ism was an independent phase of science, similar 
to electricity but quite a different thing. Today, 
it is generally recognized that the study of mag- 
netism is a branch of the study of electricity. 


5. Experiment: Attraction of lron Filings to a 
Bar Magnet 


For this experiment, iron filings are poured 
into a small pile on a table top (A of fig. 1). These 
filings are a powdered form of iron similar in 
appearance to black pepper. 

a. A or Figure One. One end of a bar magnet 
(either end may be used) is brought close to the 
pile of filmgs. In this position, no filings can be 
observed on the magnet. 

b. B or Figure Ont. Although the end of the 
magnet has not reached the pile, the filings closest 
to the magnet are pulled upward to the magnet. 
An invisible force (a magnetic force) is at work. 

c. C or Fiaure One. The end of the magnet is 
thrust into the pile. 

d. D or Ficure Onze. When the magnet is 
lifted out of the pile, magnetic force causes the 
filngs which were near the magnet to leave the 
pile and bunch in the space surrounding the end 
of the, magnet. 

e. Concuusion. From this experiment, it can be 
concluded that an invisible magnetic force exists 
in the space surrounding a magnet, a force capable 
of attracting iron. Actually, this magnetic force 
extends far out into space, but its strength 
decreases greatly with its- distance from the 
magnet. For example, in this experiment the 
magnetic force is strong enough to attract those 
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Figure 1. Experiment showing attraction of iron filings to a bar magnet. 


filings which are close to the magnet but is not 
strong enough to attract other filings a little 
farther away. 


6. Artificial Magnets 


Although pieces of magnetite are natural 
magnets when taken from the earth, they now 
have only historic value. Better magnets can be 
made from pieces of iron or steel by artificial 
means. Artificial magnets are made in a wide 
variety of sizes and shapes and are used exten- 
sively in electrical apparatus. The bar magnet 
(fig. 1), horseshoe magnet (fig. 18), and compass 
needle (fig. 12) are common types of artificial 
magnets. 

a. Temporary Maenets. It has been found 
that pieces of iron and steel become magnetized 
when they are brought in contact with, or close to a 
strong magnet. This process is called inducing 
magnetism. For example, in D of figure 1, the 
iron filmgs which are shown bunched in the space 
surrounding the end of the bar magnet are 
magnetized, each of the filmgs becoming a tiny 
magnet by induction. However, these filings, 
which are made from soft iron, retain their 
magnetism only as long as they remain in the 
space about the bar magnet. When the filings 
and bar magnet are separated, the filings lose their 


“Magnetism very rapidly. For this reason, mag- 


nets (either small or large) made from soft iron are 
called temporary magnets. In fact, any magnet 
which loses its magnetism rapidly is called a tempo- 
rary magnet. 

b. PerMANENT Macnets. If the filings used 
m this experiment had been made from steel 
instead of soft iron, the same results would have 
been obtained, except that the steel filings would 
have retained their magnetism for a longer period 
of time after having been separated from the bar 
magnet. Any magnet which retains its magnetism 
over a long period of time is called a permanent 
magnet. ‘Thus, in the case of the steel filings, 
hundreds of tiny permanent magnets would have 
been made. The amount of magnetism retained 
by a material after the magnetizing force has been 
removed is called residual magnetism. 

¢. INDUCING MAGNETISM By STROKING. Another 
method of making an artificial magnet by induc- 
tion is by stroking an iron or steel bar with a 
strong magnet (fig. 2). When this method is used, 
it is important that all strokes be made in the 
same direction. 
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Figure 2. Stroking to make a magnet. 


d. EKxectricAaL Mrruop. The best method of 
making artificial magnets is by electrical means 
and is explained later in this manual. 


7. Magnetic and Nonmagnetic Substances 


a. It has been shown that the invisible magnetic 
force which exists in the space surrounding a 
magnet is capable of attracting pieces of iron and 
steel. For this reason, iron and steel are called 
magnetic substances. 

b. There are other magnetic substances which 
are attracted by a magnet but not so strongly as 
iron and steel. The more common of these sub- 
stances are cobalt, nickel, and manganese. How- 
ever, it is interesting to note that some of the 
best permanent magnets are made from alloys of 
these substances. The ability of a material to 
retain its magnetism is called retentiwity. Since 
steel retains its magnetism longer than soft iron, 
steel has greater retentivity than soft iron. It 
follows that a material with good retentivity will 
have a large amount of residual magnetism, and 
will make a good permanent magnet. 

c. Most other substances are not attracted by 
a magnet and are said to be nonmagnetic. Exam- 
ples of these nonmagnetic substances are air, wood, 
paper, glass, copper, aluminum, lead, tiny and 
silver. sth 

d. Magnetic force acts through any nonmagnetic 
substance, as can be demonstrated by moving a 
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permanent magnet beneath a piece of paper or 
glass on which is sprinkled iron filings. As the 
magnet moves, movement of the filings can be 
observed. 

é. Magnetic force is mutual to both a magnet 
and a magnetic substance. For example, a magnet 
can be attracted to a firmly held piece of iron or 
steel just as strongly as the iron or steel is attracted 
to the magnet. 


8. Magnetic Poles 


a. When iron filings are sprinkled over the 


entire area of a magnet,*it can be noticed that. . 


those filings which fall near the ends of the magnet 
will be attracted to form bunches or tufts; scarcely 
any filings which fall near the center of the magnet 
will be so attracted. Thus, it can be seen that 
the bar magnet has two distinct regions, or poles, 
each pole indicating the area or region where the 
magnetic force is greatest. The same is true of a 
horseshoe magnet which is, in effect, a bar magnet 
bent so that the poles are closer together. 

b. When a bar magnet is suspended so that it is 
free to swing in a horizontal plane, as shown in 
figure 3, it is found that the magnet will swing 
around and then come to rest with one end of the 


Figure 3. Suspended bar magnet. 


magnet pointing nearly due north. Also, it can 
be found that regardless of the number of times 
this experiment is repeated, the same end of the 
magnet always comes to rest pointing toward 
north. Thus, it can be seen that there is a differ- 
ence in the direction of the magnetic forces which 
act at the two poles of the magnet. Long ago, 
when this fact was first established, it was decided 


POLES OF BAR MAGNET 
A 


POLES OF BAR MAGNET 
AFTER MAGNET IS BROKEN 
B 
TM 661-86 


Figure 4. Bar magnet broken into two pieces. 


arbitrarily to call the North-seeking pole of the 
magnet the north pole. Likewise, the South- 
seeking pole of the magnet was called the south 
pole. These designations for the poles of a magnet 
are still used. In fact, permanent magnets 
frequently are marked ‘‘N” at the north pole and 
““S” at the south pole. 

c. When a bar magnet (A of fig. 4) is broken 
into two parts, and the pieces brought into contact 
with iron filings, it will be found that the filings 


POLES OF TWO INDIVIDUAL BAR MAGNETS 


A 


POLES IN TWO MAGNETS PUSHED TOGETHER 
JOINING LIKE POLES 


B 


CONSEQUENT POLES IN A SINGLE MAGNET 
TM 661-281 
Figure 5. Bar magnet with two north and two south poles. 


will bunch at both ends on each of the pieces, 
thus proving that each piece has two _ poles 
(B of fig. 4). It can also be found that one of the 
poles is a north pole and the other a south pole. 
The piece which contains the north end of the 
original magnet will have a south pole at the 
break; and the piece containing the south pole of 
the original magnet will have a north pole at the 
break. Regardless of the number of times a 
magnet is broken, each piece will have its own 
north and south pole. 

d. A magnet may have more than one north 
and more than one south pole, but it must have 
-at least-one of each. A of figure 5 shows two bar 
magnets placed with their north poles facing each 
other. If these magnets are joined (B of fig. 5), 
they will form a magnet with four poles, two south 
potes at the ends, and two north poles in the, 
middle. Ifa single bar of steel (C of fig. 5) can be 
magnetized (usually by electricity) to have poles 
in this position, they are called consequent poles. 


9. Earth as a Magnet 
The fact that a suspended magnet, anywhere 


upon the surface of the earth, always points 


MAGNETIC NORTH HAS 
SOUTH MAGNETIC POLARITY 


/ NORTH GEOGRAPHIC POLE 


SOUTH GEOGRAPHIC POLE 


MAGNETIC SOUTH HAS 


NORTH MAGNETIC POLARITY TM 66I-2!1 


Figure 6. Earth as a magnet. 
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toward the North indicates that the earth itself 
is a huge natural magnet. This is illustrated in 
figure 6. Note that the poles of the magnet are 
far below the surface of the earth, and that the 
magnet is somewhat inclined from the north and 
south geographic poles. Since the pole of any 
compass points to the North, that magnetic pole 
of the earth which is near the north geographic 
pole must be of south magnetic polarity, and the 
magnetic pole near the south geographic pole must 
have north magnetic polarity, as mdicated in 
figure 6. The north geographic pole is referred 
to as true North, and the south geographic pole 
as true South. The deviation from the true 
North, which at some places is very large, is called 
the magnetic declination of the station. Remember 
that magnetic North is merely the direction in 
which the north end of a compass needle points. 


10. Molecular Theory of Magnetism 


A common and one of the simple theories of 
magnetism is that a piece of iron or steel consists 
of millions of tiny elementary magnets. These 
tiny magnets, which are so small that they cannot 
be seen with a microscope, may consist of atoms 
or molecules so alined as to form iron or steel 
crystals. Before a piece of iron or steel has been 
magnetized, these tiny magnets may be thought of 
as being jumbled at random with no definite 
order (A of fig. 7). If the north pole of an 
inducing magnet is drawn over the bar, it attracts 
the south poles of the tiny magnets and turns 
them so that they will aline themselves in a given 
direction (B of fig. 7). This definite almement 
of molecular magnets will give the bar a definite 
north pole at one end and a south pole at the 
other end. 


11. Attraction and Repulsion of Magnetic 
Poles 


a. If a bar magnet is suspended so that it is 
free to swing about in a horizontal plane, the 
magnet normally comes to rest with its north pole 
pointing toward North (par. 8b). However, if 
the north pole of a second magnet is brought 
towards the north pole of the suspended magnet 
(fig. 8), the latter magnet will be pushed away. 
The same results will be obtained if the south 
pole of the second magnet is brought towards the 
south pole of the suspended magnet. Thus, it 
can be seen that the magnetic forces existing in the 
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PIECE OF STEEL (MAGNETIZED) B 


NOTE: 
ALTHOUGH ONLY A FEW MOLECULES ARE SHOWN, 
MOLECULES ACTUALLY ARE PRESENT IN ALL 
PARTS OF STEEL BARS. T™M 661-282 


A. Bar showing jumbled condition of tiny magnets before magnetization. 
B. Bar showing orderly alinement after magnetization. 


Figure 7. 
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Figure 9. Experiment showing the repulsion of like magnetic 
poles. 


space surrounding like magnetic poles cause 
mutual repulsion of the poles. 

6. Another demonstration of the repulsion of 
like magnetic poles is shown by the following 
experiment: Two strong permanent magnets are 
placed on a table top in a parallel position (fig. 9), 
so that the north pole of one magnet is directly 
opposite the north pole of the other magnet. The 

south poles of the magnets are also opposite 
M SGI-2O8 . . 
i each other. As one bar magnet is pushed steadily 
Figure 8. Repulsion of like magnetic poles. toward the second magnet, invisible magnetic - 


force pushes, or repels, the second magnet. Thus, 
both magnets move across the table top, as shown 
in four steps in A, B, C, and D of figure 9, one 
being pushed manually and the other by magnetic 
forces. 


c. If a bar magnet is again suspended so that 
it is free to swing about in a horizontal plane, it 
will be observed that when the north pole of a 
second magnet is brought towards. the south pole 
of the suspended magnet, the two poles will be 
pulled together (fig. 10) and will cling to each 
other until they are separated by manual force. 
If the south pole of the second magnet is brought 
close to the north pole of the suspended magnet, 
it will be observed that these two poles will also 
be pulled together, and manual force is required 
to separate the poles. Thus, it can be seen that 
the magnetic forces about the unlike poles of two 
magnets will cause the two magnets to be at- 
tracted. 


d. The above facts are used as a basis for the 
fundamental law of magnetic forces which is: 
LIKE MAGNETIC POLES REPEL EACH 
OTHER; UNLIKE MAGNETIC POLES AT- 
Teno ls MACH OTHER. Or, ‘THE FORCE 
BETWEEN TWO LIKE POLES IS ONE OF 
MUTUAL REPULSION; THE FORCE BE- 
TWEEN TWO UNLIKE POLES IS ONE OF 
MUTUAL ATTRACTION. 
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Figure 10. Attraction of unlike poles. 


12. Factors Affecting Magnetic Force 


a. StrrENGTH OF Magnets. The amount of 
magnetic force existing in the space surrounding 
a magnet can be estimated roughly by measuring 
its lifting power. However, there are various 
conditions, other than the magnet itself, which 
will cause the lifting power to vary. Some of 
these conditions are: the kind of magnetic material 
to be lifted, the shape of the material to be lifted, 
the manner in which the material is applied to 
the magnet, and the shape of the magnet. A 
more accurate method for measuring the strength 
of a magnet, and the method most commonly 
used, is by measuring the force of attraction or. 
repulsion that the magnet has on another magnet 
of known strength. That is, the effects that magnets 
have wpon one another is a measure of their strength. 

6b. Distance Facror. The force of attraction 
or repulsion between two magnetic poles varies 
with the distance between them. This fact 
is brought out in the experiment explained in 
paragraph 11. When the poles are separated by 
a considerable distance, no visible effects are 
apparent. It is only after the like poles are 
brought close to each other that the suspended 
pole is repelled. Likewise, it is only after the 
two unlike poles are brought close together that 
the suspended pole is attracted. Thus, it can be 
seen that the magnetic force of attraction or 
repulsion between two magnetic poles increases 
very rapidly as the distance between the two 
poles is decreased. With suitable measuring 
equipment, it can be shown that this force varies 
inversely with the distance squared. This ex- 
pression simply means that if the distance between 
the two poles is halved, the force becomes four 
times as great; if the distance is reduced to one- 
third, the force becomes nine times as great; if 
the distance is reduced to one-fourth, the force 
becomes sixteen times as great; if the distance is 
reduced to one-fifth, the force becomes twenty- 
five times as great, and so on. This expression 
holds true whenever the two magnetic poles are 
separated in a vacuum. 

c. StRENGTH Facror. The force of attraction 
and repulsion between two magnets also varies 
with the amount of force that the individual 
poles of the magnets are capable of exerting. In 
other words, the force of, attraction and repulsion 
varies with the strength of the poles. The 
strength of a pole, in turn, varies with its size, the 


material from which it is made, and its degree of 
magnetization. 

d. Potnr Pours. Before giving a mathematical 
equation expressing the force between two point 
magnetic poles of charges (strength) m, and me, 
it is necessary to explain what is meant by a point 
pole. A point pole is any amount of magnetic 
charge concentrated at a point. This is a purely 
imaginary concept and is never realized in nature 
for two reasons: 

(1) Poles always appear in pairs. This 
means that for any north pole there must 
be a mate south pole, as has been 
previously explained. 

(2) Magnetic charges are always found dis- 
tributed over finite areas—not concen- 
trated at points. 

Note. The idea of a point pole can be gotten 
in the following way. Imagine a bar magnet 
being placed in a certain position (A of fig. 11). 
Now suppose it is stretched to the left indefi- 
nitely while holding the north pole fixed (B of 
fig. 11). When the bar has been sufficiently 
stretched, the south pole is too far away to exert 
-any effect on magnetic substances in the vicinity 
of the north pole. Consequently, the magnetic 
force in the region near the north pole is, for all 
practical purposes, due to the north pole alone. 


Such a north pole is often referred to as an isolated 
north pole. 


A B 
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A. Bar magnet. 
B. North pole of elongated bar magnet. 


Figure 11. 


{ 
NK é. MaruematicaL Formuna. By experiment, 


/* scientists have discovered that the mutual force 
between two point poles of magnitude m, and m, 
can be expressed by a mathematical formula in the 
following way: 


jp MMe 
Mad? 


Fis the force between the two poles, m; and m2 are 
the magnitudes of the poles, d is the distance be- 


tween the poles, and yw, is a constant (called 
permeability) that depends on the medium in which 
the poles are located; yu, is equal to 1 in a vacuum 
and approximately 1 in air (par. 16). The force can 
be one of attraction or repulsion, depending on 
whether m, and m, have opposite signs or the same 
signs. This equation is used to define what is 
meant by a unit magnetic pole. In the cgs (centi- 
meter-gram-second) system, the constant yu, is 
arbitrarily taken to be one in a vacuum. A unit 
magnetic pole in this system is now defined as one 
which when separated by a distance of one centi- 
meter in vacuum from another unit magnetic pole 
experiences a force of one dyne. (A dyne is a unit 
of force which acting on a mass of 1 gram (.035 
ounce) for one second will increase its velocity by 
one centimeter per second.) From the formula it is 
seen that when mj, ms, uz, and d are each equal to 
1, then F is 1. This is the reason for using a 
vacuum for the definition. In any medium other 
than a vacuum, the permeability, u., has a value 
greater than unity or 1. Im air, p,=1.000004 
which, for practical purposes, can be considered as 
unity. In water, yu, is equal to 81. Thus, in water, 
the forces on the charges are 81 times smaller than 
the forces on the charges in air or vacuum. 

f. Summary. The formula states that the force 
of attraction or repulsion between two point mag- 
netic poles varies directly with the product of the 
strengths of the poles and inversely with the square 
of the distance between them. 


13. Magnetic Field 


It has been shown previously that an invisible | 
magnetic force exists in the space surrounding a 
magnet and that this force is capable of acting on 
other magnets or magnetic substances. The space 
which surrounds a magnet is called the external 
magnetic field. (The complete field consists of the 
external field plus the field through the substance 
of the magnet.) Thus, a magnetic field may be 
defined as a region wherein magnetic forces act. 

a. Exporting MaGnetic Firtp wira Compass. 
Certain facts concerning the nature of the magnetic 
field about a magnet can be obtained by exploring 
such a field with an ordinary compass. (The 
needle of any compass is a small permanent 
magnet.) 


(1) When a compass is placed near the south 
pole of a bar magnet, the compass needle 
will swing about and come to rest with 
the north pole of the needle as close as 


possible to the south pole of the bar mag- 
net. In this position, the south pole of the 
compass needle is as far away as possible 
‘from the south pole of the bar magnet (A 
of fig. 12). This action is easily explained 
by the first law of magnetic forces which 
states that like magnetic poles repel each 
other and unlike magnetic poles attract 
each other. 


(2) When the compass is placed at the other, 


or north pole, end of the bar magnet, the 


BAR MAGNET 


needle swings and then comes to rest with 
the south pole of the needle as close as ~ 
possible to the north pole of the bar 
magnet (B of fig. 12). 


(3) When the compass is placed near the 


(4) 


center of the bar magnet, the force exist- 
ing in the magnetic field causes the 
needle to come to rest in the position 
shown in C of figure 12, 

In D of f:gure 12, a number of compasses 
have been placed at various positions in 


COMPASS 


e727. 
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Figure 12. Effects of magnetic field on compass needle. 


E 
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Figure 13. Pattern formed by iron filings about a bar magnet represents the magnetic field about this magnet. 
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the magnetic field of a bar magnet. Note 
that the compass will point in different 
directions as its position in the magnetic 
field is changed. 

(5) Thus, by exploring the magnetic field 
about a bar magnet, it is found that one 
important characteristic of a magnetic 
field is that it has direction which varies 
from point to point. 

(6) Another important characteristic of the 
magnetic field about a bar magnet is that 
the intensity of the field decreases very 
rapidly with distance from the poles. For 
example, when the. exploring compass is 
placed a few feet away from the bar mag- 
net, the compass needle is not visibly 
affected by the presence of the magnetic 
field. Only when the compass is brought 
to within a certain distance of the bar 
magnet will the magnetic forces in the 
field be sufficiently strong to cause the 
compass needle to swing. 

(7) From the above experiments with an ex- 
ploring compass, it is found that the 
magnetic field about a bar magnet is 
characterized by a force which varies in 
direction and intensity from point to point 
in the field. 


b. Iron Finines ExpERIMENT. A representation 
of the magnetic field about a bar magnet can be 
obtained by means of an experiment using iron 
filings. 

(1) This experiment can be performed by 
placing a piece of paper over a table top 
and sprinkling some iron filings over a 
large area of the paper (A of fig. 18). 

(2) A bar magnet is then dropped into the 
center of the area containing the filings 
(B of fig. 13). As the magnet reaches the 
table, it will be noted that many of the 
filings near the poles of the magnet are 
attracted to the magnet, and slight move- 
ment of most of the other filings takes 
place. In short, the filings rearrange 
themselves because of the magnetic field 
about the magnet. 

(3) If the table is gently tapped, the filings 
completely rearrange themselves and the 
pattern about the magnet then appears 
similar to that shown in C of figure 13. 
Regardless of the number of times that 
this experiment is repeated, the filings 


will always arrange themselves in ap- 
proximately the same pattern as that 
shown in C of figure 13. 

(4) The explanation of why this pattern al- 
ways forms is quite simple. In para- 
graph 6 it is explained that pieces of iron 
or steel become magnetized by induction 
when they are brought in contact with, 
or close to, a magnet. Thus, each of the 
tiny iron filings about the bar magnet 
becomes a small magnet with a north 
and south pole of its own. Each of these 
filings (or magnets) is affected by the 
direction and intensity of the magnetic 
field about the bar magnet, and alines 
itself in the same manner as a compass 
needle, in response to the magnetic field. 


(5) Observe that the force of the magnetic 
field is greatest near the poles; many of 
the filings are attracted, and adhere to 
the magnet showing distinct alinement. 
As the distance from the poles increases, 
the field becomes less intense, and the 
action of the force on the iron filings is 
less apparent. At the edge of the pat- 
tern, as shown in C of figure 13, the 
effect on the filings is hardly discernible. 


(6) This iron filings experiment has long been 
used to represent the nature of the mag- 
netic field about a magnet and it gives a 
conception of the direction and intensity 
of the magnetic forces which act in the 
field. However, it should be remembered 
that the pattern formed in this experi- 
ment is not the magnetic field itself (the 
magnetic field is invisible) but only a 
representation of the manner in which 
the magnetic forces in the field act on 
magnetic substances within the field. 


14. Lines of Force 


Frequently, it is desired to represent, by a draw- 
ing the direction and intensity of the magnetic 
field about a magnet. This can be done by draw- 
ing a picture of the pattern obtained when iron 
filings are placed about the magnet and, in the 
case of a bar magnet, such a drawing would be 
similar to that shown in C of figure 13. However, 
this method is difficult and time consuming. A 
simpler and more commonly used method is that 
of arbitrarily representing the forces in a magnetic 
field by drawing a few lines called lines of force. 
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Figure 14. Field of force about a bar magnet. 


a. E of figure 13 shows lines of force as they are 
usually drawn to represent the magnetic field 
about a bar magnet. By studying these lines of 
force, it can be seen that their over-all pattern is 
similar to the over-all pattern formed by the iron 
filings about the magnet. 

b. Note that arrowheads have been placed on 
each of the lines of force shown in E of figure 13. 
Also note that the direction of each arrowhead is 
away from the north pole and toward the south 
pole of the magnet. In other words, the arrow- 
heads indicate that lines of force leave the magnet 


END OF A MAGNET. SHOW - 
ING HOW FLUX DENSITY 
VARIES WITH DISTANCE 
FROM POLE. 


at the north pole and enter the magnet at the 
south pole.. Within the magnet, the direction of 
the force is assumed to be from the south pole to 
the north pole, so that a continuous loop is formed 
by each line of force. The direction of these lines 
was defined arbitrarily long ago as the direction in 
which the north pole of a compass needle will 
point if placed at any point along a line of force. 

c. Actually, the magnetic field completely fills 
the space about a magnet and does not exist only 
in a single plane, such as along a table top. This 
field can also be shown to extend out to great 
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Figure 15. End of a magnet showing how field intensity varies with distance from pole. 
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distances and, theoretically at least, throughout 
all space, with the intensity of the field decreasing 
very rapidly as the distance is increased. Figure 
14 shows how the field of force extends in all 
directions about a bar magnet. The end views 
’ show the line of force leaving the north pole and 
entering the south pole. 

d. Lines of force are also used as an indication of 
the strength or intensity: of the magnetic field. 
Paragraph 12e gives the formula which shows that 
magnetic force (field strength) varies inversely 
with the square of the distance. This law is not 
strictly true in practice since it is based on the 
assumption that the lines of force from a pole face 
emanate from a point somewhere within the mag- 
net. Actually, the lines of force do not converge to 
a single point within the magnet. Figure 15 shows 
a magnet face of 1 square centimeter area. It is 
obvious that there are more lines of force passing 
through the square centimeter area ABCD than 
pass through the same size area EFGH which is 
located the same distance from the pole face. This 
means that the field intensity is greater in area 
ABCD than in EFGH as indicated by the greater 
number of lines passing through ABCD. The 
farther away from the pole one goes, the less the 
field intensity will be. When the lines emanate 
from a point, the number of lines through a given 
area will vary inversely with the square of the 
distance that the area is from the point—not from 
the pole face. With a long magnet the field in- 
tensity will be nearly as shown in figure 15, and 
the law, the inverse as the square of the distance, 
will be almost true. But if the magnet is short and 
thick, the field will be more uniform for quite a 
distance from the pole and the distance-square law 
will be less accurate. 


15. Characteristics of Magnetic Fields 


Thus far, only the pattern of the magnetic field 
associated with a single bar magnet has been con- 
sidered. Actually, this pattern of the magnetic 
field is only one of an unlimited number of possible 
patterns which can be produced by using one or 
more magnets. 

a. lf the area surrounding the north pole of one 
bar magnet and the south pole of a second bar 
magnet is sprinkled with iron filings, the pattern 
shown in A of figure 16 will be obtained. Note the 
similarity between this pattern and the pattern 
of filings about a single bar magnet. B of figure 
16 shows the distortion of this magnetic field 
which occurs when a third magnetic pole is 


SLIM 661-209 & 
A. Iron filings pattern about unlike magnetic poles. 


B. Distortion caused by insertion of a third magnetic pole 


Figure 16. 


brought into the region. Note that the intensity 
of the magnetic field is greatest near the poles of the 
magnets. In B of figure 16, note the small area 
midway between the two like poles where the 
filings appear to lie as if unmagnetized. ‘This is 
actually the case, because midway between the 
two like poles the magnetic force produced by one 
pole is equal to, and in opposition with, the mag- 
netic force produced by the other pole. 

b. A of figure 17 further ilustrates the manner 
in which magnetic forces act to produce a magnetic 
field. In this case, the magnetic field contains 
forces of repulsion. Again note that the magnetic 
force is strongest near the poles and decreases 
very rapidly as the distance from the poles is in- 
creased, while at a point midway between these 
like poles there is a magnetic field of zero intensity. 
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c. B of figure 17 shows the distortion of the 
field which occurs when a third pole is brought 
into the region. Again, it can be observed how 
the magnetic field is more intense between unlike 
poles and less intense between like poles. Close 
scrutiny of B of figure 17 will reveal another small 
area where the magnetic forces act in opposition 
to produce a resultant force of low or zero in- 
tensity. 

d. Figure 18 shows the lines of force associated 
with a horseshoe magnet. The pattern formed 
by these lines of force is different from the pattern 
for the single bar magnet, because of the physical 
position of the poles with respect to the magnet 
and to each other. Although these lines of force 
have a different pattern, or configuration, the 
characteristics of the magnetic field remain the 


A. Iron filings pattern about like magnetic poles. 
B. Distortion caused by insertion of a third magnetic pole. 


Figure 17. 
14 
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Figure 18. Lines of force associated with a horseshoe magnet. 
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same. That is, the magnetic field varies in in- 
tensity and direction from point to point in the 
field. 


16. Permeability 


a. Firtp StrenetH. The field strength at a 
point is defined as the force exerted on a unit north 
pole at that point. The letter H is used as a 
symbol for field strength. 

b. PmerMBABILITY. As given in paragraph 12e, 
the force F between two magnetic poles is ex- 
pressed by the equation 


The quantity uw. is a constant involving the nature 
of the medium in which the two poles m, and m, 
are situated. The constant yw, is called the 
permeability and it is.assumed to have the value 


of unity in empty space; for air it is nearly 1. 


(1.000004) ; for iron it is very high (about 10,000). 
Figure 19 shows the distortion of the magnetic 


field produced by placing a soft iron bar in the 
field. 


Pod 


c. Fuux Density. As explained in paragraph 
14, lines of force are used to represent a field of 
force. In a magnetic field, the field strength or 
intensity H is defined as the force (in dynes) acting 
on a unit positive (north) pole. Thus, H in- 
dicates both magnitude and direction. The flux 
density in free space is equal numerically to the 
intensity ; that is, in free space where the intensity 
is H, there are H lines of flux. AH materials in- 
fluence the force between magnetic poles; there- 
fore, the flux density in materials is not equal to 
H. Using the letter B to represent the flux 
density in any material, we get— 


B=p fT 


Thus, the permeability of a material tells us 


- “what the flux density will be relative to the flux 


density in empty space. For example, assume 
that the field intensity H at a point in free space 
is represented by one line of force. When an 
- iron bar with a permeability of 2,000 is placed in 
this field, it becomes magnetized by induction; 
that is, it becomes a magnet. The resultant flux 
density is— 


‘sewed 
B=2,000 * 1=2,000 lines of flux. 


d. AppLuicaTIon. ‘The property of permeability 
is utilized commercially in protecting sensitive 
instruments such as meters, watches, and com- 
passes from external magnetic forces. Figure 20 
shows how the magnetic field between a north and 
a south magnetic pole is distorted by providing a 


PERMANENT 
MAGNET 
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Figure 19. Distortion of the magnetic field about a permanent 
magnet produced by insertion of soft vron bar. 


SOFT IRON RING 


OBJECT TO BE 
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Figure 20. An object shielded from magnetic field by presence 
of soft tron ring. 


more permeable path through the soft iron ring. 
A compass placed inside the ring would not be 
affected by the magnetic field. This method of 
protecting instruments is known as shielding. 


17. Handling and Care of Magnets 


a. A piece of steel that has been magnetized 
may be demagnetized by any external force that 
will disturb the symmetrical position of the mole- 
cules (par. 10). Striking a magnet with a hammer 
jars the molecules, causing them to move and 
return to their original jumbled position. Heat- 
ing a magnet expands the metal and will also 
allow the molecules to move. Therefore, care 
must be used in handling equipment containing 
permanent magnets to prevent them from losing 
their magnetism. They should never be dropped 
or placed in high temperatures. 

b. The proper method of stormg permanent 
magnets is very important, if they are to retain 
their magnetism. Horseshoe magnets should 
always have a soft iron bar, called a keeper, 
placed across the poles to reduce leakage. See 
A of figure 21 and notice how the flux can pass 
from the north pole to the south pole through a 
very permeable path, thus reducing the leakage 
to a minimum. Bar magnets should always be 
stored in pairs, putting a north pole and a south 
pole together. See B of figure 21 and notice how 
the magnets make a complete circuit path for the 
flux. 


18. Theory of Magnetization 


The material presented in this section of the 
manual has told much about magnets and mag- 
netic force in terms of the visible effects magnetic 
force has on substances such as iron and steel. 
However, the reason still remains why magnetic 
force is produced by a magnet—why an un- 
magnetized piece of iron or steel is not accom- 
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Figure 21. Storage of horseshoe and bar magnets. 


panied by magnetic forces and a magnetized 
piece of iron or steel is accompanied by magnetic 
forces. Most scientists now agree that the 
theory of magnetization is best explained by 
means of the electron theory. Chapter 2 of this 
manual presents the electron theory. 


19. Summary 


a. An invisible magnetic force exists in the 
space surrounding amagnet. ‘This force is capable 
of attracting pieces of iron and steel. 

b. Although pieces of magnetite possess mag- 
netic properties when taken from the earth, 
better magnets can be made by artificial means. 

c. Pieces of iron or steel become magnetized by 
induction when they are brought close to, or in 
contact with, a magnet. 

d. Any magnet which loses its magnetism 
rapidly is called a temporary magnet. 

e. Any magnet which retains its magnetism 
over a long period of time is called a permanent 
magnet. 

jf. Artificial magnets can be made by stroking 
an unmagnetized piece of iron or steel with a 
magnet. The best method of making a magnet 
is by electrical means. 

g. Any substance which is attracted to a mag- 
net is known as a magnetic substance. Most 
substances are nonmagnetic. 

h. Magnetic force is mutual to both a magnet 
and to magnetic substances. 

i. Every magnet has at least one north pole and 
one south pole. 
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7. Like magnetic poles repel each other; unlike 
magnetic poles attract each other. 

k. The force of attraction or repulsion between 
two magnetic poles varies directly with the prod- 
uct of the strengths of the poles and inversely with 
the square of the distance between them. 

1. The space which surrounds a magnet is called 
a magnetic field. A magnetic field is defined as a 
region wherein magnetic forces act. 

m. A magnetic field is characterized by forces 
which vary in intensity and direction from point 
to point in the field. 

n. Graphically, magnetic fields are commonly 
represented by lines of force. 

o. The fact that a suspended magnet always 
points towards North indicates that the earth 
itself is a huge magnet. 

p. The amount of magnetism retained in a 
material after the magnetizing force has been 
removed is known as residual magnetism. 

q. The ability of a material to retain magnetism 
is called retentivity. 

r. The best permanent magnets are made from 
hard materials, such as steel and its alloys. 

s. The ratio of the number of lines of force 
which pass through a given area when it is oc- 
cupied by a substance, to the number of lines of 
force passing through that area when it is oc- 
cupied by air, is called the permeability of the 
substance. 

t. Magnets may lose their magnetism by jarring 
or heating. 


20. Review Questions 


a. What is a natural magnet? 

b. What is a magnetic substance? 

c. Distinguish between a magnetic substance 
and a magnet. 

d. What are two methods of making an artificial 
magnet? 

e. What is the difference between a temporary 
and a permanent magnet? 

f. What is a magnetic pole? 

g. How many kinds of magnetic poles are there 
and what are they called? 

h. What is residual magnetism? 
retentivity? 

i. What are the fundamental laws of magnetic 
forces? 

7. What two factors govern the force of attrac- 
tion or repulsion between two magnetic poles? 


What is 


k. What is permeability? What is reluctance? 


l. What is the mathematical equation for the 
force of attraction and repulsion between two 
magnetic poles? 

m. What is a maynetic field? 

n. What are two characteristics of a magnetic 
field? 

o. What are lines of force? What is flux? 


p. How is the intensity of a magnetic field repre- 
sented by lines of force? What is the unit of 
flux density? 

qg. Do lines of force cross each other? 

r. Why is it believed that the earth is a huge 
magnet? 

s. What is the angle of declination? 

t. Iron filings become magnetized when they 
are placed in a magnetic field. Explain. 


CHAPTER 2. 
ELECTRIFICATION 


91. Early History of Electrification 


The ancient Greeks learned that a magnetized 
piece of iron is not the only substance about 
which exists an invisible force capable of attract- 
ing objects. They found that a yellowish resin 
called amber, if rubbed, will attract small bits of 
wood shavings. They also learned that the invis- 
ible force about a piece of amber so rubbed is 
different from the force about a magnetized piece 
of iron; that is, the force about the amber, a non- 
magnetic substance, does not attract magnetic 
substances; while a magnetic force does not attract 
a nonmagnetic substance, such as wood shavings. 
Later, it was discovered that many other sub- 
stances such as glass and rubber, after being rub- 
bed with a piece of fur, wool, silk, etc., exhibit the 
same characteristics as amber; that is, they attract 
bits of paper, wood, and certain other light objects 
(fig. 22). 

a. In an attempt to explain the nature of this 
force, William Gilbert (1600) divided all substances 
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Figure 22. Attraction of paper to electrically charged glass 
rod. 
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into two classes: electrics and nonelectrics. He 
classified an electric as being any substance pos- 
sessing the property of amber, and a nonelectric 
as being any substance not-possessing the property 
of amber. Although such a classification is not 
acceptable today, the word electric from the Greek 
elektron has been handed down and is still com- 
monly used. If a piece of amber is rubbed, it is 
said to be electrified, or charged with electricity, and 
the invisible force about an electrified piece of 
amber is called an electric force. 

b. In 1733,a Frenchman named DuF ay observed 
that when a piece of glass is rubbed with cat’s 
fur, the glass and the cat’s fur both become electri- 
fied, but that the glass will attract some charged 
objects that are repelled by the cat’s fur and vice 
versa. From this observation, he concluded cor- 
rectly, that there are two exactly opposite kinds of 
electricity. 

c. Benjamin Franklin introduced the terms 
positive (+) and negative (—) into the science in 
order to distinguish between the two different 
kinds of electricity. Franklin defined a positively 
charged body as one which exhibits the same kind 
of charge as that associated with a piece of glass 
after it is rubbed with silk (fig. 23). He defined a 
negatively charged body as one which exhibits the 
same kind of charge as that associated with a rub- 
ber rod after it is rubbed with cat’s fur. He de- 
fined as electrically neutral all bodies which exhibit 
no charge. 

d. Further study and experimentation since 
Franklin’s time have added much information 
regarding the characteristics of electric charges and 
electric forces. . 


22. Attraction and Repulsion 


a. The forces of attraction and repulsion be- 
tween electrically charged bodies may be demon- 
strated as follows: One end of arubberrodisrubbed 
with fur and then suspended by a piece of string 
(A of fig. 24). When a second rubber rod has been . 
electrified the same way and its charged end 


brought near the charged end of the suspended 
rod, the latter turns away as in A of figure 24, 
showing repulsion. If, instead of the second rod, 
the fur is brought near the charged end of the 
suspended rod, the latter turns toward the fur, as 
in B of figure 24. If a glass rod, rubbed with silk, 
is brought near the charged end of the suspended 
rod, there is attraction, as in C of figure 24, but 
when the silk is used, there is repulsion, as in D of 
figure 24. Since the fur and the glass both attract, 
these have the same kind of electricity and are 
said to be positively charged. The rubber and 
silk are said to be negatively charged. This 
experiment shows that two kinds of charges or 
electricity exist. It also demonstrates a rule con- 
cerning the action of one kind of charge on 
another. 


b. A of figure 24 shows that two negative charges 
repel each other. C of figure 24 shows that 
positive and negative charges attract each other, 
and E of figure 24 shows that two positive charges 
repel each other. This attraction or repulsion is 
mutual and is expressed in the following funda- 
mental laws: LIKE CHARGES REPEL EACH 
OTHER; UNLIKE CHARGES ATTRACT 


EACH OTHER, or, THE FORCE BETWEEN 
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Figure 23. After glass and silk are rubbed together, they / 


become charged with electricity. 
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Figure 24. Attraction and repulsion of charged bodies. 


TWO LIKE CHARGES IS ONE OF MUTUAL 
REPULSION; THE FORCE BETWEEN TWO 
UNLIKE CHARGES IS ONE OF MUTUAL 
ATTRACTION. Note the similarity between 
the laws of electricity and the laws of magnetism 
as stated in paragraph 11d. 

-¢. Also, it has been found that the force of 
attraction or repulsion between two electrical 


charges varies directly with the product of the 
/ quantities of the charges and inversely with: the 
\_ square of the distance between them. This may 
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be expressed by the following mathematical 
equation: 


9192 
er 
where F'=force, 
d—distance between charges, 
q=quantity of one charge, 
q@=quantity of second charge, and 
e=dielectric permittivity of the medium 
in which the charges are located. 
In vacuum, e=e=1. 


The force is one of attraction if the charges are 
unlike and one of repulsion if the charges are 
alike. Again note the similarity between this 
equation and the equation for the magnetic force 
of attraction or repulsion as stated in paragraph 12e. 


23. Theory of Electrification 


For a long time it was believed that only sub- 
stances such as amber, glass, wax, silk, and cat’s 
fur were capable of being electrified. It is now 
known that under the proper conditions any 
substance can be charged electrically. That is, 
all substances possess the property of electrifica- 
tion. The question then arises: if all substances 
are capable of being electrified, how is electrifi- 
cation related to matter? The answer to this 
question is to be found in the study of the struc- 
ture of matter. 


94. Structure of Matter 


Matter may be defined as any substance that has 
weight (mass) and occupies space. Examples of 
matter are the air we breathe, water, cars, the 
clothing we wear, and our own bodies. From 
these examples, we can conclude that matter may 
be found in any one of three states; namely, 
solid, liquid, or gaseous. 

a. Evements. All matter consists of one or 
more basic materials which we call elements. 
Scientists have definite proof that 97 elements 
exist and believe that there are several other 
elements. In chemistry, an element is defined as 
a substance that can be neither decomposed 
(broken up into a number of substances) by 
ordinary chemical changes nor made by chemical 
union of a number of substances. Copper, iron, 
aluminum, and gold are examples of metallic 
elements; oxygen, hydrogen, and sulphur are 
nonmetallic elements. 

6. Comrounp. A substance containing more 
than one constituent element and having proper- 
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ties different from those of the elemental constitu- 
ents is called a compound. For example, water is 
made up of two parts hydrogen and one part 
oxygen. Therefore, water is a compound. 

c. Moutecuues. A molecule is defined as the 
smallest particle of matter which can exist by 
itself and still retain al) the properties of the 
original substance. If we take a drop of water, 
a compound, and divide it until we have the 
smallest particle possible and still have water, 
that particle is known as a molecule. An idea 
of the size of molecules may be obtained by 
imagining that a stone is first broken into two 
pieces, that the two pieces are then broken into 
four pieces, and that this process is carried on 
indefinitely. The smallest particle of stone which 
could be obtained by this process would be a 
molecule. Actually, it is impossible to crush a 
stone into its molecules; we can only crush it into 
dust. One small particle of dust is composed 
of thousands of molecules. 

d. Atoms. An atom is defined as the smallest 
part of an element that can take part i ordinary 
chemical changes. The atoms of a particular 
element are of the same average mass, but their 
average mass differs from that of the atoms of all 
other elements. For simplicity, the atom may be 
considered to be the smallest particle that retains 
its identity as part of the element from which it is 
divided. Figure 25 shows that the molecule of 
water is made up of two atoms of hydrogen and 
one of oxygen. Since there are 97 known ele- 
ments, there must be 97 different atoms or a dif- 
ferent atom for each element. All substances are 
made of one or more of these atoms. Just as 
thousands of words can be made by combining the 
proper letters of the alphabet, so thousands of 
different materials can be made by chemically 
combining the proper atoms. 

e. Susaromic Parricues. Although it was 
formerly believed that the atom was the smallest 
particle of matter, it is known now that the atom 
itself can be subdivided into still smaller, or sub- 
atomic particles. Paragraph 25 explams the 
nature of these subatomic particles. 
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Figure 25. Water molecule. 


25. Structure of the Atom 


In order to become acquainted with the rela- 
tionship of the atom to matter, and the atom to its 
subatomic particles, consider the diagrams of 
figure 26. All of these diagrams are imaginary, 
except A and B. The reason that they are imagi- 


nary is that the portions of matter which they . 


represent are so small that they are invisible to 
the eye, even with the aid of the most powerful 
microscope. However, the fact that they are in- 
visible does not prevent us from knowing the 
characteristics of such tiny bits of matter. In 
fact, many things with which we are quite familiar 
are also invisible. For example, no one has ever 
seen the wind, yet we know of its existence because 
of the visible effects associated with it—a flag un- 
furled, the movement of leaves, and the presence 
of whitecaps on the sea. So it is with the atom 
and with the subatomic particles of which it is 
made. Although no one has ever seen them, by 
experiment and study scientists have been able to 
learn facts concerning subatomic particles and, 
from these facts, have been able to give us an 
understandable explanation of the make-up of the 
atom. Thus, diagrams D, E, and F of figure 26 
can be called representations of what scientists 
believe one of the elements, aluminum, might look 
like if tiny bits of aluminum could actually be 
seen. ‘To pursue this line of approach still further, 
let us picture that an «wmaginary microscope is 
available which will allow us to examine tiny 
particles of matter. Furthermore, let us imagine 
that this microscope has a control knob which can 
be rotated in order to allow any magnifying power 
desired. With such a device, we could see into the 
make-up of matter and into the structure of the 
atom. In all likelhood, observations made through 
this microscope would indicate that the representa- 
tions of figure 26 are correct if the matter under 
scrutiny is a chunk of aluminum, which we know 
to be a medium-hard, silvery-white metal. 

_ a. In A of figure 26, the magnification is unity, 
that is, we are simply looking at a piece of alumi- 
num. 

b. In B of figure 26, the magnification has been 
increased to 100 diameters. It is now apparent 
that the aluminum is not a perfectly smooth sur- 
face but rather a crystalline substance, with the 
size of the crystals bemg dependent on the previous 
heat and mechanical treatment of the metal. The 
average size of one of these crystals might be 
1/1,000 of an inch in diameter. 
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c. When the control knob of the imaginary 
microscope is adjusted to a magnification of 
100,000 diameters, the aluminum appears to have 
a regular structure (C of fig. 26), but no evidence 
of the presence of individual atoms or subatomic 
particles can be detected. At this magnification, 
the size of the aluminum under observation is 
smaller than the wavelength of light and cannot be 
seen in any light microscope. However, some 
evidence of a structure such as that shown in C of 
figure 26 has been obtained with a device using 
X-rays instead of light. 

d. In D of figure 26, the diagram is completely 
imaginary. The magnification is 10 million di- - 
ameters, or far beyond the capabilities of any 
known microscopic apparatus. At this magnifi- 
cation, individual dots or little bodies of approxi- 
mately spherical shape and a rather fuzzy outline 
would be observed. These dots are the atoms of 
aluminum and, no matter how hard we try, we can 
detect no difference between any of them. We 
could, if we wished, measure the diameter of one 
of the aluminum atoms but we would have trouble 
because the edges of the atoms are fuzzy and it is 
difficult to say just where one atom ends and the 
next atom begins. 

é. In an attempt to eliminate this fuzziness, we 
again adjust the microscope until only one of the 
aluminum atoms fills the viewing area, or to a 
magnification of 100 million diameters, an un- 
believably small area of view. We can then see 
that a single atom of aluminum resembles our 
mental picture of the solar system, for there is a 
central body, called a nucleus, about which a num- 
ber of smaller particles move in approximately 
elliptical orbits (E of fig. 26). Each of the mov- 
ing particles, called electrons, is so tiny and moves 
so fast, seeming to wave as it passes by, that we 
cannot see clearly where it is at any given instant, 
but we guess that it is also spherical in shape. 
We try to count the number of electrons in the 
atom but find that this task is exceedingly difficult 
because of the way the electrons race around their 
elliptical orbits. However, after a great deal of 
effort, we determine that there are 13 electrons 
in the aluminum atom. By carefully examining 
the atom, we find that each of the electrons has a 
charge of electricity that is exactly the same as 
the charge on any other electron. We also note 
that the charge associated with an electron is the 
smallest electrical charge which has ever been 
discovered, and so we call it the elemental charge 
for electricity. The charge on an electron is the 
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Figure 26. Structure of aluminum. 
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Figure 27. Three atoms of aluminum. 


same kind of charge that appears in sealing wax 
after it is rubbed with fur and is arbitrarily called 
negative. (The charge on the electron was first 
measured by R. A. Millikan, an American physi- 
cist.) Thus, we say that the aluminum atom con- 
tains 13 elemental charges of negative electricity. 
Further examination of the atom reveals that the 
nucleus has a positive electrical charge, and that 
the quantity of this positive charge is 13 times as 
great as the quantity of the negative charge on 
one electron. Therefore, we say that there are 
13 elemental positive charges on the nucleus, thus 
making the entire atom electrically neutral. 
That is, the aluminum atom contains an equal num- 
ber of positive and negatwe charges—an equal 
amount of opposite kinds of electricity. 

f. By twisting the dial of the imaginary micro- 
scope still further, the magnification is increased 
until only the nucleus fills the viewing area. It is 
then observed that the nucleus looks like a bunch 
of grapes (F of fig. 26) consisting of 27 particles, 
13 of which carry an elemental positive charge of 
electricity; they are called protons. The other 14 
particles in the nucleus are uncharged and are 
called neutrons. At first, we wonder why the 
nucleus does not explode as a result of the repul- 
sion of the positive charges (like charges repel each 
other), but then we notice a sort of gelatinous 
material which exerts a force (nuclear force) 
capable of binding the particles of the nucleus 
together. This binding force is so strong that 
tremendous energy, such as that developed by a 


giant cyclotron, is required to dislodge the par- 
ticles in the nucleus. 

g. After this observation of the nucleus, we 
reduce the magnifying power of the microscope 
until a few atoms of aluminum are observed in the 
viewing area (fig. 27). It can then be noticed 
that the electrons which revolve in the outer 
orbits (near the edges of the atoms) do not always 
remain in the same atom. Instead, some of these 
electrons move haphazardly from atom to atom. 
Therefore, we conclude correctly that the electrons 
in the outer orbit of the aluminum atom are not 
tightly bound to the atom. We shall come to 
know these outer-orbit electrons as free electrons. 

h. The branch of science which deals with the 
nucleus of atoms is called nuclear physics, and the 
scientists who study this subject are called nuclear 
physicists. It is nuclear physics which has given 
us atomic power and the atomic bomb. The study 
of electronics, on the other hand, is related to the 
behavior of:those easier-to-control particles of the 
atom, namely electrons. 


26. Electrons, Protons, and Neutrons 


In paragraph 25¢ the aluminum atom is shown 
to be comprised of a positively charged nucleus 
and negatively charged electrons that revolve at 
very great speed around the nucleus. The elec- 
tron theory explains that the atoms of all elements 
(copper, gold, oxygen, etc.) are similarly construct- 
ed of a central nucleus and revolving electrons. 
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Figure 28. Structure of atoms. 


a. EXAMPLES OF ATOMIC STRUCTURE. 
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(1) A of figure 28 represents the atomic struc- 


ture of the simplest of all atoms, the hy- 
drogen atom. It contains one electron 
revolving around one proton which acts 
as a nucleus. Because the negative 
charge on the electron is exactly equal 
to the positive charge on the proton, the 
atom is electrically balanced or neutral. 


(2) B of figure 26 represents the helium atom. 


The nucleus of the helium atom contains 
two neutrons and two protons. The 
positive charges of the two protons are 
just balanced by the negative charges of 
the two revolving electrons and the elec- 
trical charge on the entire atom is again 
neutral. 


(3) Atoms of other elements are more com- 

plex than the hydrogen and helium atoms. 

For example, C of figure 26 represents the 

structure of the carbon atom. Note that 

the six orbital electrons revolve in two 
separate rings or shells. 

(4) In D of figure 26 an even more complex 

atom is shown, namely, the copper atom. 

The nucleus is composed of 29 protons 

and 35 neutrons. The 29 orbital elec- 

trons revolve in four separate shells; only 

one electron revolves in the outer shell. — 

6. Toe Burtpine Buocks. The electron theory 

shows that the only difference among the various 

elements is in the number and arrangement of the 

electrons, protons, and neutrons of which each 

atom is composed. There is no difference between 


the electron in an atom of copper and the electron 
in an atom of aluminum, or any other element. 
There is no difference between a proton in one 
atom and a proton in another atom of a different 
element. Likewise, the neutrons in the atoms of 
various elements are thought to be identical. 
Since all matter is composed of atoms and all atoms 
are composed of positively charged particles called 
protons, negatively charged particles called elec- 
trons, and uncharged particles called neutrons, it 
follows that the proton, electron, and neutron are 
the fundamental building blocks of the universe. 


c. CHARACTERISTICS OF SUBATOMIC PARTICLES. 


(1) Electrical. ‘The electrical charge of the 
proton is exactly equal and opposite to 
that of the electron; that is, the proton 
and the electron are exactly equal 
amounts of opposite kinds of electricity. 
Because it is believed that no smaller 
amount of electricity exists, the charge 
on the electron or proton is the elemental 
unit of electrical charge. However, the 
elemental unit is too small a quantity of 
electricity for practical purposes and a 
larger unit of charge called the coulomb 
is commonly used. One coulomb of elec- 
tricity contains over 6 million, million, 
million (6.28 x 101%) electrons. Neutrons 
are uncharged particles. 


(2) Physical. Electrons and protons are 
approximately spherical particles of 
matter. The diameter of an electron, 
approximately 0.00000000000022 inch, 
is about three times the diameter of a 
proton. Despite its smaller diameter, 
a proton has a mass 1,850 times greater 
than the mass of the electron; that is, 
a proton is 1,850 times heavier than an 
electron. The diameter and mass of a 
proton and a neutron are approximately 
the same. Relatively speaking, there 
are great distances between the electrons 
and the protons of an atom even in solid 
matter. It has been estimated that if a 
copper one-cent piece could be enlarged 
to the size of the earth’s path around the 
sun (approximately 186,000,000 x 3.14 
miles), the electrons would be the size 
of baseballs and would be about 3 miles 
apart. What then keeps the electrons 
in their orbits? In order to better 
understand this phenomenon, we must 


continue our study of energy as evidenced 
through the forces in nature. 


27. Forces Associated With Matter in the 


Universe 


a. Magnetic Force. Magnetic force was dis- 
cussed in detail in chapter 1 of this text. 


6. Execrric Forcr. In many ways, electric 
force is similar to magnetic force. It will be 
discussed more thoroughly throughout this text. 


c. GRAVITATIONAL Forcr. Many everyday 
phenomena are subject to the laws of gravitational 
force. It will be discussed more fully in e below. 


d. Nuctear Force. Nuclear force is the force 
that is latently present in the nucleus of the 
atom and is the subject of much present-day 
research. 

e. Law or GraviTaTIon. Sir Isaac Newton, 
an English physicist, experimented with gravity 
and developed the law which stated that every 
object attracts every other object with a force 
that is directly proportional to the product of 
their masses and inversely proportional to the 
square of the distance between them. This is 
called Newton’s Law ot Gravitation. Notice 
the similarity between this law and the law of 
attraction of charged bodies (par. 226). It is 
gravitation that holds the universe together. 
With no gravitational field, the planets, including 
the earth, would not revolve around the sun 
in their orbits, but would fly off at a tangent. 
The moon would cease to revolve around the 
earth and, because of the rotation of the earth, 
objects on the surface of the earth would be thrown 
into space like mud from a bicycle wheel. 

f. Forcrs WirHin tHE Atom. Within the 
atom, the force of gravity is believed to be small 
compared to the electric, magnetic, and nuclear 
forces, but it acts on the particles composing the 
atom in the same way that it acts on the planets 
in the solar system, helping the other forces keep 
the electrons, which revolve at tremendous speeds 
around the nucleus, in their orbits. 

g. EvecrricaL BaLtaANncE. Because the protons 
and electrons of the atom carry positive and 
negative charges of electricity, respectively, they 
are particles of energy. These charges form the 
electric field of force within the atom, and since 
the number of positive charges (protons) is 
always equal to the number of negative charges 
(electrons), the atoms are electrically balanced. 
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For example, every atom of aluminum has 13 
positive and 13 negative charges and every atom 
of hydrogen has 1 positive and 1 negative charge. 
Since all matter in the universe is composed of 
atoms, it follows that all matter is normally 
electrically neutral. 

h. EvecrricAL UNBALANCE. As shown in para- 
eraph 22a and figure 27, it is possible to transfer 
some of the free electrons from one substance to 
another. When this happens, the normally equal 
distribution of positive and negative charges in 
the two substances no longer exists, and because 
they contain more of one kind of electricity than 
of the other they are said to be electrically charged. 
For example, when a glass rod (fig. 23) is rubbed 
with silk, some of the electrons which are loosely 
held to the atoms (free electrons) in the glass are 
transferred to the silk. Then when the glass and 
silk are separated, the glass rod will have more 
positive charges (protons) than negative charges 
(electrons) and will be positively charged. The 
silk, on the other hand, will have more elec- 
tron than protons and will be negatively charged. 
When a hard rubber rod is rubbed with cat’s fur, 
the cat’s fur loses electrons to the rubber rod. In 
this case, the cat’s fur becomes positively charged 
and the rubber rod becomes negatively charged. 

i. Summary. 'To summarize, positive and neg- 
ative electricity exist together in normal matter 
in equal amounts. Because normal matter con- 
tains equal amounts of opposite kinds of electricity, 
there is no electrical effect; that is, normal matter 
does not attract or repel an electrically charged 
body. It is possible, however, to separate the 
two kinds of electricity in normal matter by means 
of work. Whenever positive electricity is thus 
separated, an equal amount of negative electricity 
is of necessity separated. In terms of electric 
charge, the production of one kind of charge ne- 
cessitates the production of an equal and opposite 
charge. 


28. Charging 


a. Cuarcinac By Contact. A of figure 29 
shows a neutral body with equal numbers of elec- 
trons and protons. If, as shown in B of figure 
29, a negatively charged body is placed in contact 
with the neutral body, electrons will pass from the 
charged body to the neutral body. If the nega- 
tively charged body is then removed, the body 
that was originally neutral will possess an excess 
number of electrons and will, therefore, be nega- 
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Figure 29. Charging by contact. 


tively charged (C of fig. 29). If, during the 
above experiment, a positively charged rod had 
been used instead of the negatively charged rod, 
the neutral body would have lost some of its elec- 
trons to the positively charged body and the neu- 
tral body then would have acquired a positive 
charge. In either case, the neutral body is 
charged by contact and becomes charged with the 
same polarity or kind of charge as the charging 
body. 
b. Cuarcine BY Inpuction. A second method 
of charging a neutral body is by induction. 
(1) Suppose that a neutral body is again sus- 
pended by a piece of string (A of fig. 
30) and suppose that one end of this 
neutral body is connected to another 
large neutral body, ground or earth, by 
means of a switch. . 


(2) If, as shown in B of figure 30, a negatively 
charged rod is brought near to, but not 
in actual contact with, the neutral body, 
the negatively charged body will repel 
electrons on the neutral body and will 
cause some of these electrons to flow into 

. the ground. 

(3) If the switch is opened before the rod is 
removed, the suspended body will have 
more protons than electrons and, there- 
fore, will be positively charged (C of 
fig. 30). 

(4) Ifa positively charged rod had been used 
instead of the negatively charged rod in 
the above experiment, electrons would 
have gone from the ground into the sus- 
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Figure 30, Charging by induction. 


pended body; consequently, the neutral 
body would have acquired a negative 
charge. In each instance there is no ac- 
tual contact between the body to be 
charged and the charging body; no elec- 
trons pass from one to the other. This 
method of charging is called charging 
by induction. 


29. Summary | 


a. An invisible electric force exists in the space 
surrounding a charged body. 

b. There are two exactly opposite kinds of 
electricity, called positive and negative. 

c. Two positive charges repel each other; two 
negative charges repel each other; a positive and 
a negative charge attract each other. In other 
words, like charges repel each other and unlike 
charges attract each other. 

d. The force of attraction or repulsion between 
two electrical charges varies directly with the 
quantities of the charges and inversely with the 
square of the distance between them. 

e. All matter is composed of one or more of 
97 elements. 

f. The smallest part of an element which can 
take part in ordinary chemical changes is caHed 
an atom. 

g. Atoms are comprised of positively charged 
particles called protons, negatively charged par- 
ticles called electrons, and uncharged particles 
called neutrons. 

h. Positive and negative electricity exist to- 
gether in normal matter in equal amounts. Thus, 
normal matter exhibits no external electrical 
effect. 

7. Matter or substances with an excess of 
electrons is said to be negatively charged. Matter, 
or substances, with a deficiency of electrons is 
said to be positively charged. 

7. A neutral body can be charged by contact 
or by induction. 


30. Review Questions 


a. What are the two kinds of electricity called? 

b. What are the fundamental laws of attraction 
and repulsion between two electrical charges? 

c. What is the mathematical equation for the 
mutual force of repulsion and attraction between 
two electrical charges? 

d. How many elements are there? 

e. What is an atom? 
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f. What are the subatomic particles? k. What is substance? 


g. What is meant by the elemental charge of l. What is a molecule? 

electricity? m. Define a neutron. 
h. Does all matter contain electricity? n. What is the quantity and kind of charge on 
i. How does normal matter differ from electri- a proton? On an electron? 

cally charged matter? o. What is the difference between charging by 
j. What are free electrons? contact and charging by induction? 
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CHAPTER 3 
ELECTROSTATICS 


31. Electric Field and Lines of Force 


Just as lines of force are used to represent the 
direction of the magnetic force associated with 
one or more permanent magnets, they can also 
be used to represent the direction of the electri 
force about one or more charged bodies. For 
example, suppose that a charged body is placed — 
under a piece of glass and some short brush 
bristles are then sprinkled over the top of the 
glass. When this is done, the bristles which fall 
close to the charged body and other bristles in 
the vicinity of the charged body move somewhat 
before coming to rest. It can be concluded, there- 
fore, that the charged body is exerting a force on 
the bristles. Since there is no physical contact 
between the charge and the bristles, we say that 
the charge produces action at a distance. It is 
often said that the charge creates a field of force 
inspace. Also, examination of the pattern formed 
by the bristles on the glass reveals that the 
bristles aline themselves in definite directions (a 
fact which leads us to attribute a direction to the 
forces in the electric field). No matter how many 
times the above experiment is repeated, it will be 
found that the bristles always arrange themselves 
into a radial pattern (provided that no other 
strong electric charges are in the vicinity to distort 
the electric field). This radial pattern is repre- 
sented by radial lines of force in A or B of figure 31. 


32. Exploring an Electrical Field 


How a magnetic field about a magnet can be 
explored by the use of another small magnet or 
magnetic compass is shown in chapter 1. In a 
similar manner, an electric field about a charged 
body is explored by the use of another charged 
body known as a fest charge. By agreement, a 
unit positive charge is always used as a test charge. 
A method of exploring an electric field with a test 
charge is as follows: suppose a test charge is car- 
ried from point to point in the vicinity of some 
charged body. Then, we find that at every point 
the test charge is acted on by a force having both 


charges). 


magnitude and direction. That is, as it is carried 
from point to point, the test charge experiences a 
foree which varies in strength and direction. 
Thus, the electric field intensity at any point in 
the field is defined as the force which a unit posi- 


tive charge would experience if placed at this 
point. 


For example, if the unit positive test 
charge were carried in the vicinity of a negatively 
charged body, the force on the test charge would 
be one of attraction (mutual attraction of unlike 
However, if the test charge were car- 
ried in the vicinity of another positive charge, the 
force acting on the test charge would be one of 
repulsion (mutual repulsion of like charges). 

Note. The choice of a unit positive test charge is purely 
conventional. Actually, a unit negative charge would 
serve just as well. In fact, it would be a more logical 
choice because the electron, which is negative, is the basic 
unit of charge; positive charge, as previously indicated, 
is a lack of electrons. 


33. Electric Lines of Force 


An electric line of force is, by definition, a line 
which at every one of its points gives the direction 
of the resultant electric force acting on a unit 
positive charge if placed at this point. In other 
words, the tangent to the line at any point is the 
direction of the electric field intensity at that 
point. A and B of figure 31 are examples of 
lines of force representing electric fields. 


LINES OF FORCE 


POSITIVE CHARGE NEGATIVE CHARGE 


TM 661-219 
A. Lines of force about a positive point charge. 
B. Lines of force about a negative point charge. 


Figure 31. 


29 


a. Coulomb discovered experimentally that the 
force of attraction or repulsion between two 
point charges of magnitude or strength gq; and q, 
separated by a distance d is given by the formula— 


Gi42 
pete 


where e=a constant characterizing the medium 
in which the charges are located. The plus sign 
is used if q and g, have like charges and the minus 
sign is used if q and q2 have unlike charges. By 

a BES charge is meant a charge anton can he 


Fe aba that a aii oieeen is an idealization 


which cannot possibly be attained, since the 
smallest unit of charge is that of the electron 
which occupies a definite amount of space. There- 
fore, in view of what has been said, Coulomb’s law 
can be interpreted as giving the force between 
two charges the physical dimensions of which are 
small compared with the distance between them. 


| 6. A of figure 31 shows the lines of force which 
represent the electric field produced by a positive 
point charge. The field is radial, since the force 
on a unit positive test charge if placed in the field, 
would be along the line connecting it to the field 
charge. Since both charges are positive, the force 
is one of repulsion, which explains the direction 
of the arrows on the electric field lines. Since, 
by definition, the field intensity at any point is 
the force on a unit positive test charge placed at 
this point, we can find the magnitude of this force 
by using Coulomb’s law and making q@, the test 
charge, equal to 1. Thus, the electric field in- 
tensity at any point distant d from the point 
charge q is— 


F= ph 


This equation shows that the field intensity varies 
inversely as the square of the distance from charge q. 
The letter / is used to denote electric field in- 
tensity. It is customary, in mapping the field, 
to draw more lines in regions of greater intensity; 
with this convention, regions far away from 
charges would have a smaller number of lines 
drawn per unit area than regions closer to the 
charges. Notice that the field diagram for a 
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negative point charge is essentially that of a 
positive point charge, except that the arrows are 
reversed. This follows since the force on the test 
charge would then be one of attraction. 


34. Lines of Force Associated ‘With Two 
Charged Bodies 


In order to picture the field when more than 
one charge is present, use the principle of super- 
position. 

a. This means that to find the force on a unit 
positive charge when two charges are present, the 
ollowing steps are taken: 

(1) Find the force caused by charge No. 1 
acting alone. 

(2) Find the force caused by charge No. 2 
acting alone. 

(3) Find the resultant by adding these two 
forces, taking into account the directions 
of these forces. 


b. To grasp this more fully, consider the follow- 
ing illustration: Suppose it were possible to have 
two point charges of equal magnitude and oppo- 
site sign located at the same point (fig. 32). Then 
at any point in space a unit positive charge would 
experience two forces, one of repulsion caused by 
the positive charge and one of attraction caused 
by the negative charge. Since the superimposed 
charges have equal magnitudes, the seforces would 
be equal and thus would havearesultant force equal 
to zero. This condition is shown in figure 32. 

c. Now, let us find by the same method the 
field due to two charges which are separated. It 
must be understood that, despite the fact that the 
test charge will be subjected to two forces, it can 
only move in response to the resultant force. (In 
the case of the two equal and opposite charges 
located at the same point (b above), the resultant 
force on the test charge at any point in the field 
was found to be zero. This means that the test 
charge will not tend to move but will remain at 
rest.) 


(1) Figure 33 shows the test charge being 
acted upon by two forces: the force 
caused by the positive charge and the 
force caused by the negative charge. 
Since the test charge can only respond 
to the resultant force, and since it can 
only move in one direction, it actually 
experiences a displacement in the direc- 
tion of the resultant force. Thus the 
direction of the electric field at the point 
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Figure 82. Superposition of unlike charges of equal magnitude. 


of the test charge is shown by the direc- 
tion of the arrow on the resultant force 
in figure 33. 

(2) By using this method, it is possible to 
determine the direction of the electric 
force at any point on the field produced 
by two equal and unlike point charges or 
two equal and like point charges (A and B 
of fig. 34); the lines of force represent the 
direction of the resultant force at every 
point in an electric field. Note that in 
B of figure 34, the point midway between 
the charges experiences zero resultant 
force; a test charge placed at this poimt 
would remain at rest. In this respect, B 
of figure 34 is similar to A of figure 17. 
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Figure 33. Resultant of forces exerted by unlike charges. 


B 
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A. Lines of force associated with unlike charges. 
B. Lines of force associated with like charges. 


Figure 34. 
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Figure 35. An object raised above the surface of the earth 
possesses potential energy. 


35. Potential Energy in Gravitational Field 


Before discussing the concept of potential and 
potential energy in an electrical field, let us look 
at conditions in the gravitational field produced 
by the attraction of the earth (fig. 35). 

a. From everyday experience, we know that in 
order to raise a weight above the surface of the 
earth, a force must be exerted. That is, the earth 
produces a force on every piece of matter in the 
universe, tending to pull objects toward its center. 
This force is called gravity. Thus, to raise an 
object against the force of gravity, work must be 
performed. (For an exact definition of work, see 
appendix ITT.) 

b. Although work must be done in raising a 
weight, it must not be thought that this work is 
lost. On the contrary, if the weight were allowed 
to drop, it could turn a wheel or a generator or 
even drive a nail into a piece of wood. All of this 
represents work performed. Thus, the work done 
in raising the weight is all returned in allowing it 
to drop. We shall learn that the electric field, 
from this point of view, is like the gravitational 
field. 

c. The higher a body is raised above the earth’s 
surface, the more work is required and, therefore, 
the greater will be the energy returned in allowing 
the body to drop. We say that objects at greater 
heights have greater potential energy, the word 
potential bemg used to signify the possibility of 
getting work done. Therefore, points at different 
heights have different potentials. It is said that a 
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difference of potential exists between points which 
are in different energy levels. 


36. Potential in an Electric Field 


a. Suppose that an electric field is being created 
by a point-positive charge of strength or magnitude 
q (fig. 36). Then, as we have seen, a unit positive 
test charge will experience a force of repulsion no 
matter where it is placed in the field. Let us 
assume that our test charge is initially at pomt A 
in the field and that it is desired to move it to 
point B (fig. 36). Since the repelling force on the 
test charge is opposite in direction to the path of 
desired travel AB, it is obvious that a force equal 
and opposite to the electric field intensity must 
be exerted in order to move the unit positive 
charge from A to B. In other words, the electric 
field intensity tends to move the test charge in a 
direction opposite to the direction AB. Thus, in 
order to move the unit positive charge from A to 
B, work must be done by the agency moving the 
test charge to overcome the force of repulsion 
produced by the field of the charge g. Of course, 
it would not be necessary to do any work in 
moving the test charge from A to D, since the 
work required to move the charge toward D 
would be provided by the electric field. 


b. From these considerations, we are led to the 
following definition: The potential at any selected 
point in an electric field is the work done in moving a 
unit-positive point charge from any fixed point, which 
can be called point Q, to the selected point. Once the 
fixed point Q has been chosen, it must remain the 
same for the evaluation of the potential at every 
selected point. @, our fixed reference point, can 
be assigned any arbitrary value of potential. The 
definition given above is the one used in finding 
the potential of a point in any electric field regard- 
less of how the field is created. Thus, the field may 
be that created by a point charge, by a number of 
like or unlike charges, by a system of charged con- 
ductors, etc. The reader may now raise the valid 
objection that since the location of point Q is 
arbitrary, different locations of Q will lead to 
different values of potential at the same point in 
the field, simce the work done in taking our test 
charge from point Q to the field point in question 
will depend on the location of point Q. For ex- 
ample, if in figure 36 our test charge moved from 
A’ to B, instead of from A to B, less work would be 
done. The explanation for this will be given in the 
next subparagraph in which it will be shown that 


one is never interested in the absolute potential of a 
point as given by the definition, but merely in the 
difference of potential between any two points. 
work 
unit charge 
definition of dimension is given in appendix I. 
Thus, if the potential at a selected point in our 
field is expressed as V, the work done in taking a 
point charge of magnitude gq from our reference 
point to this selected point is 


c. The dimension of potential is he 


work 
eas unit charge x change ) 
This represents the potential energy of the 


charge q at the selected point. If the charge q is 
negative, the product V < q will benegative. This 
means that the field has acutally done work in 
moving g from the reference point to the selected 
point. It has been stated that the definition given 
for potential is dependent on the location of the 
reference point. Suppose, however, that two 


POSITIVE CHARGE 
q CREATING ELECTRIC 
FIELD 


different points of reference, X and Y, are chosen 
(instead of a single point Q), and the potential at 
a point B in the field is calculated first using X and 
then Y as the reference (fig. 37). The potential at 
B using Y as a reference is the work done on a test 
charge in moving it from Y to B. The potential 
at B using X as a reference is the work done in 
moving the test charge from X to B. However, 
we can get from X to B by first going from X to 
Y and then to B. Thus, the work done on a unit 
positive charge in going from X to B is the work 
done in going from Y to B plus the work done in 
going from X to Y. Therefore, the potential at B 
using X as a reference is equal to the potential at 
B using Y as a reference plus the work done in 
going from X to Y. From this we see that if the 
potentials are calculated at a point B using two 
different reference points, the results will differ by 
a constant amount. As stated before, what is 
important is the difference of potential between two 
field points. 


A=POINT AT WHICH TEST CHARGE IS INITIALLY LOCATED 
B=POINT TO WHICH TEST CHARGE !S TO BE MOVED. 
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Figure 36. Potentials at points in an electric field. 
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XY = REFERENCE POINTS 

A,B=FIELD POINTS 

ALL FOUR POINTS ARE LOCATED IN ELECTRIC FIELD 
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Figure 37. The work done in moving a test charge from potini 
A to B equals the potential at B less the potential at A, 
regardless of whether point X or point Y is used as a 
reference point. 


d. The rise in potential in going from point A 
to point B in the field is the work done in taking a 
unit positive point charge from point A to point B. 
Thus, the potential at B less the potential at A 
is the work done in taking the test charge from 
Ato B. This is illustrated in figure 37. Let us 
first use X as our reference point; by definition 
Vex=potential at B=work done in taking a 
test charge from X to B. However, the work done 
in going from X to B is the same as the work done 
in going from X to A plus the work done in going 
from Ato B. But the work done in taking our test 
charge from X to A, is by definition, the potential 
at A using X as reference. Thus, it can be stated 
that the work done in taking a unit positive 
charge from A to B is the potential at B less the 


potential at A or the potential rise in going from 


Ato B. Of course, both are calculated using the 
same reference point X. The question now arises, 


would the work done in going from A to B with > 


our test charge be the same if all potentials were 
calculated using Y as a reference? As we have 
seen before, the potential at B using Y as reference 
is the potential at B using X as reference plus a 
constant. The same holds for the potential at 
A using Y as reference. Therefore, when the 
potential at A is subtracted from the potential at 
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B, the consant term drops out leaving us with the 
same result as before. Symbolically, this can be 
written as— 


Vey—= Vex+Constant 

Vay= Vaxt+Constant 

Vey— Vay=— Vax— Vax+Constant—Constant= 

: ax Vax 

where Vzy=potential at B using Y as a reference, 
Vex=potential at B using X as a reference, 
V.x=potential at A using X as a reference, 

and 
V.y=potential at A using Y as a reference. 


This important result can be stated as: the work 
done in moving a test charge from point A to point B 
in a field is the potential of B less the potential at A 
regardless of what reference point is used to calculate 
these potentials. That the result should be the 
same is physically clear, since the work done in 
moving a unit point charge from one pomt to 
another in the field has a fixed value depending 
only on the field. We see that if Bis ata higher 
potential than A, outside work must be done in 
moving a positive charge from A to B. In other 
words, in going from A to B, forces of repulsion 
act on our charge tending to prevent motion. 
Thus, if a positive charge were placed at B, it 
would move from B to A under the influence of the 
field. In other words, a positive charge tends to 
move from points of higher potential to points of 
lower potential. Obviously, for negative charges, 
our results are reversed. A negative charge tends 
to move from points of lower potential to points of 
higher potential. Since at a point of lower poten- 
tial, a negative charge has a potential energy which 
is greater than that at a point of higher potential 
(the product VXq is negative), a negative charge 


tends to move from points of higher potential 


energy to points of lower potential energy. This is 
so, of course, since the force exerted on a negative 
charge by the field is opposite to that exerted on 
a positive charge. 

e. A difference of potential exists between the 
terminals of a battery. (This will be discussed in 
chapter 5.) For this reason, if a battery were con- 
nected as shown in figure 38, electrons in the wire 
would be repelled from the negative terminal and 
attracted to the positive terminal. As a result, a 
movement or flow of electrons through the wire 
would take place. In practice, it is customary 
to use the words potential and voltage interchange- 
ably. So, for the two plates A and B, one can 
speak of either the voltage rise in going from A to 


B or the voltage drop in going from B to A. 
Consider the following example: Plate A is at a 
potential of 2 voJts and plate B is at a potential 
of 3 volts (the volt is the unit by which potential 
is measured, as will be explained later). The rise 
in potential in going from A to B is 3—2=—1 volt. 
The drop in potential in going from A to B is 
2—3=—1 volt. (The minus sign indicates that B 
is at a higher potential than A.) The potential 
rise in going from B to Ais2—3=—1 volt. (There 
is actually a drop in potential in going from B 
to A.) The potential drop in going from B to A 
is 3—2=1 volt. Thus we see that for any two 
points A and B, the potential rise in going from 
A to B is the same as the drop of potential in 
going from B to A. Either of these quantities 
may be negative, as shown by the example. 

f. Wherever the word potential is used, the 
term voltage can be substituted. As mentioned 
previously, potential or voltage is measured in 
volts. Thus a volt is essentially work per unit 
chargé. When we say that the voltage of a 
battery is 100 volts, we mean that the voltage or 
potential rise in going from the negative to the 
positive terminal is 100 volts. The negative sign 
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POTENTIAL) 


BATTERY 
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(POSITIVE 
POTENTIAL) 
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that is used in battery diagrams does not mean 
that the negative plate is actually at a negative 
potential but merely that with respect to any refer- 
ence point, it is at a lower potential than the plate 
marked plus. The term ground is very often used 
in electricity to mean a reference point. Thus, in 
a radio set, component parts are connected to the 
metal chassis which, in turn, is connected to 
ground. In this case, the chassis is the reference 
point. In trolley systems with overhead wires, 
the rails are connected to the earth or gound to 
prevent any injury to a person stepping on the 
rails. 


37. Summary 

a. Coulomb’s law, f= se expresses the fact 
that the force of attraction or repulsion between 
two point charges varies directly as the product of 
the magnitudes of the charges and inversely as the 
square of the distance between the charges. The 
constant e characterizes the medium in which the 
charges are located. 

6. Surrounding any system of charges, there is 
an electric field. 


COPPER WIRE 
CONDUCTOR 
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Figure 38. Asa result of chemical action in the battery, plate B is higher in potential than plate A, and electrons flow 
through the wire from A to B. 
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c. The electric field intensity at any point in 
space is defined as a force exerted on a unit positive 
point charge placed at this point by the system 
of charges producing the field. A line of force 
is a line which at every one of its points shows 
the direction of the electric field intensity. 

d. The potential at any point in an electric 
field is defined to be the work done in moving a 
unit positive point charge from any fixed reference 
point to this point. 

e. The potential rise in going from any point A 
to any point B is the work done in taking a unit 
positive point charge from A to B. This work is 
the potential.of B minus the potential of A regard- 
less of what reference point is used to evaluate 
the potentials of A and B. 

f. The amount of work that is done in bringing 
a charge to a certain point in the field can be 
regained by allowing the charge to move freely 
under the natural action of the field. The 
amount of work returned is exactly equal to the 
amount of work expended. 

g. “Potential” and ‘“voltage’’ are terms which 
are used interchangeably. Potential has the 
dimension work-per-unit charge and is measured 
in volts. 

h. Ground is a term used to designate a point 
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of reference and can be arbitrary. However, 
practical considerations are necessary in choosing 
it: 


38. Review Questions 


a. What is an electric field? 
b. How is it produced? 
c. Is Coulomb’s law valid for any two charged 
bodies? 
d. How is electric field intensity defined? 
e. What is a line of force? 
f. Can two lines of force cross themselves? 
Why? 
g. What does the word potential imply? 
h. What is the definition of the potential at a 
point in a field? 
ji. What in the definition of potential is arbi- 
trary? 
7, What is meant by the rise in potential from 
any point A to any point B? 
k. Is there anything arbitrary in the definition 
of potential difference? Explain. 
i. What is the dimension of potential and what 
is the practical unit used to measure it? 
m. Draw an analogy between the electric field 
and the gravitational field of the earth. 


CHAPTER 4 
CONDUCTORS AND INSULATORS 


39. Free Electrons 


a. GENERAL. The electron theory (ch. 2) 
states that all matter is composed of atoms, and 
atoms are composed of subatomic particles called 
protons, electrons, and neutrons. In addition, 
all the moving electrons are tightly bound to the 
nucleus except those that revolve in the outer 
orbit. Figure 27 shows how the electrons in the 
outer orbits of the aluminum atoms may move 
constantly from one atom to another in a hap- 
hazard manner. Electrons that are able to move 
in this fashion are known as free electrons. Fur- 
thermore all matter is made up of positive and 
negative charges of electricity, and the atomic 
structure of a material determines whether or 
not the material will have many or few free 
electrons. 

b. Execrron Fiow or Current. If the hap- 
hazard flow of free electrons in a material is con- 
trolled so that they move in the same direction 
simultaneously, we have an electron flow. This 
electron flow is known as an electric current and 
will be discussed more fully in chapter 5. 


40. Conductors and Insulators 


In general, all materials may be divided into two 
major categories, conductors and 
These categories are based on their ability to 
allow an electric current to flow. This, in turn, 
depends on their atomic structure. 

a. Conpuctrors. A good conductor is a material 
that has a large number of free electrons. All 
metals are conductors of electricity to some extent, 
but some are much better conductors than others. 
Examples of these conductors are silver, copper, 
and aluminum. Silver is a better conductor 
than copper, but copper is more widely used 
because it is less expensive than silver. Alumi- 
num is used as a conductor where weight is a 
major consideration, such as cross-country high- 
tension lines with long spans between supports. 
Usually these are stranded cables and have a 
small steel wire core to provide the necessary 
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insulators. 


tensile strength. The ability of a material to 
conduct electricity also depends on its dimensions. 
Conductors may be in the form of bars, tubes, or 
sheets; but the most common conductors are in 
the form of wire. We are all familiar with the 
telephone and power lines which cover the country- 
side. These lines are made of wire and conduct 
electricity from one place to another. They 
bring the electric power into our homes to operate 
the lights and other necessary electrical equip- 
ment. Many sizes of wire, from the fine hair-like 
wire used in the coils of sensitive measuring instru- 
ments, to the large bus-bar sizes used for carrying 
high currents in electric power-generating plants, 
are in use. Usually the ability of a conductor to 
earry electricity will vary directly with the area of 
its cross section. This is due to the fact that 
more atoms are present and therefore more free 
electrons are available. Stranded wire is used 
when flexibility is necessary, such as on the cords 
of lamps, electric irons, and toasters. In order 
to make wire easier to handle and also less subject 
to changes in weather and other external condi- 
tions, it is often covered with some other material 
such as rubber, cotton, plastic, or enamel. These 
coverings provide protection against short cir- 
cuits and leakage and are known as insulators. 
Insulators will be discussed at length in b below. 

6b. InsutAToRS AND DieEtectrics. An insu- 
lator is a material, or combination of materials, 
the atomic structure of which is such as to pre- 
clude practically any movement of electrons 
from atom to atom. In other words an insulator 
is a material that has few free electrons. No mate- 
rial known is a perfect insulator through which 
electricity cannot be forced, but there are materials 
which are such poor conductors that for all 
practical purposes they are classed as insulators. 
Porcelain, glass, air, dry wood, rubber, and oil 
also are insulating materials. One of the first 
things that we learn about electricity is that 
unless we are very careful when we handle it, 
we may have the unpleasant and sometimes 
dangerous experience of receiving a shock. In- 
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sulating materials are used so that electrical 
equipment can be handled safely. Also, insula- 
tors are used to prevent leakage and power losses 
Everyone has handled a common electric light 
bulb (incandescent lamp) and knows what it 
looks like (fig. 39). Conducting and insulating 
materials are used in their construction. The 
electric current which heats the fine wire, called 
the filament, must flow through a series of con- 
ductors connected to the generating plant. If 
we actually touched the filament while it is 
carrying current, that is when the bulb is lighted, 
we would get a shock or a burn. But we know 
we can insert and remove the bulb from the socket 
without injury by touching only the glass; there- 
fore the glass, even though 7¢ is directly in contact 
with the current-carrying filament, is not carrying 
an electric current; hence it must be an insulator. 
The brass threads and other metal parts on the 
base of the bulb are the contact points with the 
line and therefore must be conductors. 


41. Summary 


a. The positive charges of electricity are called 
protons. 

b. The negative charges of electricity are called 
electrons. 

c. All matter is made up of positive and negative 
charges of electricity. 


d. Electrons capable of movement from one 
atom to another are known as free electrons. 

e. A conductor is a material that has many free 
electrons. 

jf. An insulator is a material that has few free 
electrons. 

g. Examples of good conductors are silver, cop- 
per, and aluminum. 

h. Examples of good insulators are rubber, 
glass, porcelain, and oil. 

7. There is no such thing as a perfect conductor 
or a perfect insulator. 


42. Review Questions 


a. What is an electron? Define a free electron. 

b. Define an electric current. 

c. Define a conductor. Give examples of ooo 
conductors. 

d, Define an insulator. 
insulators. 

e. Why is copper used for most conductors? 

f. Give two reasons for using insulation. 


g. What is an atom? 


Give examples of good 


h. What is the electric charge on a proton? 
On a neutron? 


2. When is aluminum used as a conductor? 
7. Conductors are used in various forms. Name 


several. What is the most common form? 


GLASS BULB (INSULATOR) MAKES VAGUUM 
POSSIBLE AND PROTECTS FILAMENT 


FILAMENT (TUNGSTEN CONDUCTOR) MAKES THE LIG 
BY BEING HEATED WHITE HOT BY THE ELECTRIG CURRENT 


BRASS BASE (CONDUCTOR) THREADED 

FOR INSERTION IN SOCKET. ONE END 

OF FILAMENT ATTACHED AT A GONTACTS 
ONE SIDE OF LINE 


INSULATOR SEPARATES A FROM B 
BRASS BUTTON (CONDUCTOR) ON BASE OF 
BULB. ONE END OF FILAMENT ATTACHED AT 
B CONTACTS OTHER SIDE OF THE LINE 
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Figure 39. Incandescent light bulb showing insulators and conductors. 
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CHAPTER 5 
CURRENT, VOLTAGE, AND RESISTANCE 


43. Electric Circuit 


There are three fundamental factors present in 
every electric circuit; current, voltage, and resistance. 
Thus, it is important that a precise explanation 
of each of these factors be given. 


44. Current 


The word current means running or flowing, 
and an electric current means a flow of electrons. 
As explained in chapter 3, negative charges tend 
to move from points of lower potential to points 
of higher potential. Also, because the charge on 
the electron is negative, electrons tend to move 
from points of lower potential to points of higher 
potential. ‘To illustrate this principle, consider 
the following example: 

a. In figure 40, # represents a 6-volt battery 
which is a device for creating a potential differ- 
ence. Plate B has, because of the chemical 
action inside the battery, a surplus of electrons 
which makes it negatively charged, and plate A 
has a deficiency of electrons which makes it posi- 
tively charged. As a result of these charges, a 
potential difference of 6 volts exists between 
plates A and B. Thus, if a positive test charge 
were to be moved from B to A, work would have 
to be done to overcome the repelling force on 
plate A (like charges repel each other). 

b. When the switch shown in figure 40 is 
closed, point C is connected to plate A and point 
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SWITCH HANDLE 


E 
6 VOLTS 
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Figure 40. Current flows through circuit when 
switch is closed. 


D is connected to plate B. Therefore, there will 
be a potential rise of 6 volts in going from D to C. 
Electrons will flow through the wire DFC in the 
direction shown (the wire is a source of free elec- 
trons). It might be thought that the positive 
charge on plate A would be neutralized as elec- 
trons arrived at this plate and that the negative 
charge on plate B would be neutralized as elec- 
trons left this plate. However, this does not 
happen because the battery continues to remove 
electrons from plate A and deposit them on plate 
B as long as the chemical action of the battery 
continues. As a result, electrons continue to 
flow in the w!re or external circuit. 

c. The example given above shows that a closed 
circuit ws required for a flow of electrons. (Before 
the switch was closed, A and B were at different 
potentials but there was no flow of electrons.) 
Summarizing, we can say that a-steady flow of 
electrons in a circuit requires a closed path, but 
that a difference of potential can exist without 
electron flow. 


45. Definition of Current 


In order to derive an exact definition of current, 
it is desirable to first understand the definition 
of current density. 

a. In figure 41, the battery # maintains the | 
faces (MN) of the conductor at a potential differ- 
ence. Through the conductor, electron flow will 
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Figure 41. A total charge of one coulomb flowing past a cross 
section of a conductor in one second is said to be a current 
of one ampere. 
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be from face M to face N. (Electrons are assumed 
to bedistributed throughout the conductor although 
only a few are shown.) 


(1) Suppose a cube having faces of 1 square 
meter is chosen inside this conductor. 
The face ABCD is perpendicular to the 
direction of electron flow, and is equal to 
a square meter cross section of the con- 
ductor. Let us compute the number of 
electrons which cross this section ABCD 
in 1 second, assuming the electrons move 
at a drift velocity of 1 meter (39.37 
inches) per second in the direction shown. 
It is obvious that all the free electrons 
inside the cube will cross the area ABCD 
in 1 second, since each will have traveled 
a distance of 1 meter. Note that an 
electron in the conductor more than 1 
meter distant from the face ABCD can- 
not reach this face in 1 second. 


(2) If the drift velocity of the electrons is 2 
meters per second, the edges FD, GC, 
HB, and EA will have to be lengthened 
to 2 meters, and if the drift velocity is v 
meters, these edges will become v meters 
long. Since the area of ABCD is 1 
(meter)? and the longitudinal side is v 
meters (where v is the drift velocity of the 
electrons), the volume of the figure is 
v(meters) X/(meter)’=v(meters)*. Thus 
all the electrons inside this chosen 
volume will cross area ABCD in 1 
second. ‘To find the number of these 
electrons, a knowledge of the number 
of electrons in a cubic meter is necessary ; 
the volume of a cubic meter is 1 (meter)?’. 
Suppose the number of electrons in a 
cubic meter is p. Then the number of 
electrons in v cubic meters is: 


Sp = um ber of electrons 
es ace 1 (meter)? 


x v(meter)? 
=electrons in v(meter)’. 


Because each electron carries a charge 
of e coulombs, where e=1610~, the 
amount of charge crossing area ABCD in 
one second is equal to the number of 
electrons in (ABCDEFGH) X charge per 
electron. As a formula, this can be 
written: 7=pve 
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where i=current density=charge in cou- 
lombs crossing area 1(meter)* 
in one second, 
p=number of electrons in a cubic 
meter—charge density, 
v=drift velocity of electrons in 
meters per second, and 
=charge of the electron in 
coulombs=16X10~-" —cou- 
lombs. 
A coulomb per second is, by definition, an 
ampere. Thus the current density equals 


coulombs 
second X(1 meter)? 


__ amperes 
(meter)? 


b. The current density of a conductor is said to 
be 1 ampere per meter? when one coulomb of electricity 
crosses an area of 1 square meter (placed at right 
angles to the direction of electron flow) in one 
second. To find the total charge crossing an area 
such as RSTU, the current density at this face 
must be multiplied by the area of the face (RSTU). 
The total charge moving across any cross section 
of the conductor in one second is said to be the 
current flowing through the conductor. A total 
charge of one coulomb moving past a cross section of 
the conductor in one second is said to be a current 
of 1 ampere. 

c. It might appear, at first, that if the cross 
section of a conductor varies, the current should 
also vary from point to point. This condition is 
shown in figure 42. Since the cross section at A 
is less than that at B, it might be concluded that 
the total charge crossing A in one second is 
different from that at B. But since the ammeter 


TM 661-188 


Figure 42. The same amount of current flows through cross 
sections A and B of this conical-shaped conductor. 


A (current-indicating device) indicates a constant 
current, this cannot be true. The explanation is 
simple. The current density at A is larger than 
that at B so that, since current is the product of 
area and current density, the two results are 
the same. 


46. Electron Theory of Conduction 


As has already been explained, the modern 
view of electricity regards a current as a flow of 
electric charges. In a solid, some of the electrons 
are supposed to be permanently bound to partic- 
ular atoms or molecules, while others, spoken of 
as free electrons, move about the interior of the 
solid, continually having their courses. changed 
by collisions with other electrons and with 
molecules. It is very probable that the un- 
restricted motion of the free electrons explains 
the phenomenon of electric conduction. 

a. Even when no emf (electromotive force) is 
applied to a conductor, the free electrons move 
about through the conductor; but they move at 
random in all directions. Each electron produces 
an electric field, and when no emf is applied, the 
fields produced by the random electron motions 
cancel, no net electron motion results, and no 
current flows. If an emf is applied to a conductor 
(by connecting a battery to the ends of the con- 
ductor), the motion of each electron is the result- 
ant of its random motion and the motion produced 
by the applied emf. As a result, the electrons as 
a whole are driven through the conductor by the 
continued action of the applied emf. If it were 
not for their collisions with the molecules of the 
conductor, the electrons could gain indefinitely in 
velocity under the action of the applied electric 
force, but the effect of collisions is continually to 
check this growth of velocity. It is known that 
the random velocity of an electron is approximately 
5.93 X10 7 cm/sec, or about 370 miles/sec. Despite 
this tremendous velocity, the drift velocity of the 
electrons corresponding to a current of 1 ampere 


is only = or .428 or 6.76X10-° 


miles/sec. 

b. Now, if the electrons have such a relatively 
small velocity in the direction of the applied force, 
how can electrical energy supplied at the gener- 
ating stations arrive at the receiving plants 
located many miles away in practically negligible 
time? For example, if the receiving plant is 
located twenty miles away, then, from the above 
figures, an electron would take 341 days to arrive 


inch/sec, 


at the receiving end from the sending end. 
Clearly, it cannot be the electron which moves 
down the wire at the speed of light, which is the 
speed at which electric transmission takes place. 
As a first step toward an explanation of this 
paradox, consider the following experiment: 


(1) Suppose that the test charge of figure 43 
is at a distance from an initially un- 
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Figure 48. Test charge located at a distance d from a 
charged sphere. 
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charged sphere, and that no other charges 
are present, Under these conditions, the 
test charge will experience no force. 

(2) If, by some means, the sphere is then 
charged to a value q, we might think 
that the test charge would feel a force 
the instant the sphere is charged. How- 
ever, this is not found to be the case. 
The test charge will experience a force 
after a certain interval of time has 
elapsed; this interval is proportional to the 
distance of the test charge from the sphere. 
For a distance of 100 miles, the time lag is 
found to be 5.37107* seconds, which 
is extremely small and consequently very 
difficult to detect in an experiment. 
Thus it appears that the force in an electric 
field takes a definite amount of time to 
reach any point in space. 


c. Now consider the example of applying a volt- 
age difference across a conductor: 
In figure 44, a battery of E volts is connected to 
a DPST (double-pole, single-throw) switch. As 
was stated previously, as soon as the switch is 
closed points C and D assume the potentials of 
points A and B, respectively. However, in 
order for this to happen, point C must become 
positively charged and point D negatively charged. 
This means that electrons must flow from C to 
the plus terminal giving a deficit of electrons at 
C and electrons must flow into point VD from the 
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Figure 44. When switch is closed, point C becomes positively 
charged and point B becomes negatively charged. 


negative terminal giving a surplus of electrons 
at D. This amounts to saying that the free elec- 
trons in the conductor must move in the direction 
DC. But a charge will only move if it experiences a 
force. ‘To understand how this force arrives at 
the conductor terminals, refer to figure 45. In 
this diagram, the battery is shown disconnected 
(switch open). Suppose the switch is closed; 
the electrons at A being closer to the positively 
charged face move from right to left. Momen- 
tarily this leaves a deficit of negative charge at 
A, and electrons from B move in the direction 
shown to neutralize this charge. However, as 
soon as this occurs, point B becomes positively 
charged and electrons to the right of B rush to 
the left. This effect is propagated down the wire 
until electrons at C experience a force to the left. 
Obviously the same reaction occurs in the bottom 
conductor except that electrons are repelled from 
section A’, etc., until electrons at C’ experience 
a force moving them from left to right. It is 
in this way that the field of the battery is felt 
at the load (receiving conductor). Thus, despite 
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Figure 45. Although movement of electrons in a conductor 
is relatively slow, effects of change in electric field travels 
down conductor at approximately the speed of light. 
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the fact that the electrons themselves move very slowly, 
the effect of the changes in positions of the electrons 
is propagated down the wires connecting the source 
to the load almost instantaneously. Actually, the 
effect of changes in the electric field is propagated 
at approximately the speed of lght, which is 
186,000 miles/second. 


AT. Electric Current 


Before the discovery of the electron, current 
flow was thought to be a motion of positive charge 
from points of higher potential to points of lower 
potential. However, with the discovery of the 
electron, this supposition has been discarded. 
Current flow 1s a movement of free electrons from 
points of lower potential to points of higher potential. 

a. TyPEs oF CURRENTS. 


(1) A de (direct current) is one whose magni- 
tude and direction remains the same 
with time. There are some uses for 
which de only is suitable, such as battery 
charging, electroplating, operation of 
de motors, and certain parts of radio, 
telephone, and telegraph systems. 

(2) A unidirectional current is one whose 
direction is fixed with time but whose 
magnitude may vary. 

(3) A current which may reverse its direction 
with time is said to be nonunidirectional. 
Ac (alternating current) is one form of 
nonunidirectional current. 


6. Evipencr or Enecrric Current. The flow 
of electrons (electric current) makes itself evident 
to the average person in one of four ways; the 
transmission of power, the production of heat, 
magnetism, and chemical action. 


(1) Current flowing through a transmission 
line carries electrical energy from distant 
power plants to consumers instantly, 
silently, and efficiently, in any quantity 
desired. It is the most economical 
method for transporting power ever 
devised, and without it we could not 
utilize the vast amounts of power 
produced at our hydroelectric dams. 

(2) Current always produces heat when it 
flows through a conductor. The amount 
of heat produced depends on the material 
of the conductor and on the amount of 
current flowing. For example, electric 
irons and toasters must have heating 
elements that will produce enough heat 


to be practical. The light produced 
by an electric bulb is. caused by the 
current flowing through the thread-like 
conductor called the filament. This 
filament must be heated so that it 
glows. However, the conducting wires 
that carry the current to the filament 
must not become hot enough to glow. 


(3) Current produces magnetism when it 


flows through a wire. This is a very 
important effect, for it is the basis for 
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FILAMENT OF VACUUM TUBE 
-3 AMPERE 


= 


25-WATT LAMP 
-25 AMPERE 


ELECTRIC TOASTER 
S AMPERES 


ELECTRIC BROILER 
10 AMPERES 


muscular contraction are due to the 
effect of current on the nerve centers 
and on the nerves themselves, which are 
the best conductors in the body and also 
the parts most seriously injured. 

c. EXAMPLES OF CuRRENT FLow. An idea of 
the value of current in terms of an ampere can 
be gained if we think of it in connection with 
some of the electrical devices with which we 
are familiar. Roughly speaking, a 100-watt 
electric light bulb requires about 1 ampere of 


100-WATT LAMP 
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Figure 46. Examples of current requirements for common electrical devices. 


millions of electric machines such as 
generators, motors, and electromagnets 
(ch. 10). Without this effect, there is 
no known way to generate electricity 
cheaply or to convert it into mechanical 
energy for the purpose of performing 
work. 


(4) Current produces chemical action when ~ 


it flows through a liquid. Examples of 
this effect are the charging of a storage 
battery, the electroplating process, and 
the separation of precious metals from 
their ores. Electric shock is the unpleas- 
ant and sometimes dangerous sensation 
of a direct application of voltage to the 
human body. The effect of current flow 
on the body cells is chemical. We often 
speak of voltage as the cause of shock 
but the fact is that current really does 
the damage. The pain and _ violent 


Naturally, a 50-watt bulb would require 
A 10-horsepower motor requires 
about 75 amperes. An electric flat iron requires 
about 5 amperes. The current flowing in a radio 
circuit may be even less than 1/1000 of an ampere, 
or over an ampere. In starting the motor of an 
automobile, we may use 200 to 300 amperes, which 
is high compared with other devices. When we 
speak of small or low current, we are using a 
relative term. A home which uses the average 
number of electric lights and small motors to run 
electrical devices, such as washing machines and 
sweepers, usually has wires that will safely carry 
about 15 amperes. 


current. 
about } ampere. 


48. Measurement of Current 


a. Current is measured with an ammeter. Since 
the construction of this instrument is beyond the 
scope of this manual, only the method of using 
the ammeter in a circuit will be given (fig. 47). 
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6. A of figure 47 shows the proper way of con- 
necting the ammeter. The instrument is put in 
series with the load, so that the total load current 
flows throughit. Notice that the positive terminal 
of the ammeter is connected to the positive 
terminal of the battery. If the connections were 


reversed, the meter would deflect downscale, and 


RIGHT 


OF THE LINE 
WRONG 


B 
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Figure 47. Correct and incorrect usage of an ammeter. 


the initial impact of the needle with the lower side 
of the case might bend it considerably. 

c. B of figure 47 shows the wrong way of using 
the ammeter. Notice that with this circuit the 
ammeter is directly across the battery terminals. 
The meter is not designed to withstand even moder- 
ately high voltages. Consequently connecting an 
ammeter across the line will usually burn out the 
meter movement. 


49. Measurement of Emf (Voltage) 


As we have seen, in order to set an electric 
charge into motion, an electric field is required. 
In other words, some method of creating a poten- 
tial difference between the ends of a conductor is 
required. ‘The most common methods of attaining 
potential differences are by the use of batteries 
and generators. The voltage difference which 
exists between the two plates of a battery when 
no current is being delivered is called the emf of 
the battery. It will be explained in chapters 
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7 and 9 that when a battery is connected into a 
circuit to produce current, the voltage difference 
between its output terminals will decrease. 
Therefore, the full battery voltage will not be 
available to force current through the load. An 
instrument for measuring voltage difference is the 
voltmeter. 

a. A of figure 48 illustrates the correct way of 
using the voltmeter to read the load voltage. 
Note that the voltmeter is connected directly 
across the load, so that the full load voltage is 
impressed across it. 

b. B of figure 48 shows the incorrect way of 
using the voltmeter. In this hook-up, the full 
load current flows through the instrument. The 
voltmeter coil is not designed to stand appreciable 
current. Asa matter of fact, most voltmeters used 
in power work have coils which are designed to 
take currents of the order of ma (milliamperes). 
A voltmeter is connected directly across the load wm 
order to measure its voltage. Proper polarity must 


be used when connecting a voltmeter. 


VOLTMETER 


CORRECT . A 


VOLTMETER 


INCORRECT B 
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Figure 48. Correct and incorrect usage of a voltmeter. 
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Figure 49. Voltage requirements for common electrical devices. 


50. Electrical Resistance 


It is found by experiment that the same voltage 
applied to specimens of different materials but 
having exactly the same physical dimensions will 
produce unequal currents. Similarly, if a fixed 
voltage is applied to specimens of the same mate- 
rial, but having different physical dimensions, the 
currents are again unequal. From these experi- 
mental facts, we can conclude that for a fixed volt- 
age, the amount of current flowing through any mate- 
rial depends on the type of material and the physical 
dimensions of the material. 

a. It is also found that the ratio of voltage and 
current for any type of conductor is a constant 
which depends on the material of which the con- 
ductor is made and its dimensions. This law was 
first discovered by Georg Simon Ohm, a German 
physicist, and the results of his experiments can 
be written mathematically in the following form: 
; ew as 

where H=voltage applied across the conductor, 
7=current through the conductor, and 
R=resistance of the conductor and depends 
on the material of which the con- 
ductor is made and its physical di- 
mensions. . 

b. The manner in which the resistance depends 

on the conductor will now be explained (fig. 50). 


Note that in the diagram, / is the length of the 
conductor parallel to the direction of electron flow, 
and A is the cross-sectional area of the conductor 


perpendicular to the direction of current flow. It 
is found that the resistance of this specimen is— 


R=0X4 


where R=resistance of specimen, 


p=resistivity and is a constant depending on 
the material of which the specimen is 
made, 
l=length of specimen parallel to electron 
flow, and 
A=cross-sectional area of specimen perpen- 
dicular to direction of current flow. 
In the equation H=/X R, Fis usually expressed 
in volts, J in amperes, and & in ohms. Letting 
E=1 volt and R=1 ohm, we see that /=1 ampere. 
Thus, a conductor has a resistance of one ohm when 


CROSS - SECTIONAL 
AREA=A 
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Figure 50. The resistance of a conductor varies directly with 
its length and inversely with its cross-sectional area. 
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an applied voltage of one volt gives rise to a current of 
‘ ; l 
one ampere. Returning to the equation R =pX 


and letting /=1 cm (centimeter) and A=1 em)’, 
we see that R=p. Therefore, the resistivity of any 
material is the resistance of a cube of the material 
1 square cm. on each side. This is shown in figure 
ol, 


Bae TEE Ya 


1CM 


1CM 


£L=1CM 


2 TM 661-181 
A=(1CM) X (ICM) =1(CM) 


Figure 51. One cm. cube. 
Since # is expressed in ohms, / in cm, and A in 
, l 
(em)’, from the equation f=pxy we see that p 


has the dimensions of 


(resistance) X (area) _ (ohm) X (centimeter)? 
length a centimeter 


= ohm (centimeter). 


However, it is customary to speak of p as the re- 
sistance of one cubic centimeter of the material. 

c. Obviously, the more free electrons a conductor 
has the greater will be the current for any value of 
voltage. Thus, the greater the number of free elec- 
trons a conductor has the smaller will be its resistance. 
Since the drift velocity of the electrons depends on 
the number of collisions with other electrons and 
molecules, the greater the length of the conductor 
the greater will be the number of collisions, and 
consequently the smaller the drift velocity. How- 
ever, the current is proportional to the drift velocity 
and therefore its value will be decreased with an in- 
crease in length of conductor. 
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d. Also the greater the cross section of a con- 
ductor the smaller the number of collisions due to 
the decreased density of electrons and molecules. 
Thus, the greater the cross-sectional area of the con- 
ductor, the smaller its resistance. These conclusions 


: : l * 
are expressed in the equation R=p BS which shows 


that resistance varies directly with the length and 
inversely with the area of a conductor. 

e. In the previous discussion, the effect of tem- 
perature on resistance was not mentioned. How- 
ever, the hotter the conductor becomes, the greater 
will be its resistance. The fundamental resistivity 
used in the computation of the resistance of copper 
conductors is the International Annealed Copper 
Standard which assigns a resistance, at 20° C, of 
.15328 ohms to an annealed copper conductor of 
1/889 square cm. cross section, 1 meter long and 
weighing 1 gram, the copper having a density of 
8.89. Using the equation for resistance we get 


100cm 


Re p< = .15328 ohm. 


389 (em)? 
Thus p=1.7241X10~° ohm-cm, which is the re- 
sistance, at 20° C. of a conductor 1 cm long. 
jf. The variation of the resistance of copper with 
temperature has been found by experiment to be 
given by the following relationship: 


R,=R,(1-+at), 
where a=coefficient of resistance at 0° C.= 
00427, 
F,=resistance at temperature to centigrade, 
and 


R,=resistance at 0° C. 


As an example, the resistance of a certain specimen 
of copper at 0° C. is 100 ohms. What is its re- 
sistance at 50° C? 

Solution: In this case, R,=100 ohms and t=50° C. 
Therefore, 


R,=100 (1+ (.00427) 50) 
=100 (1+.21350) 
=100 (1.21350) 
=121.35 ohm (Answer.) 


51. Measurement of Wire Conductors 


In American practice, it is customary to express 
lengths of conductors in feet (occasionally in 
inches or in miles) and cross sections in circular 
mils (occasionally in square mils). 


a. The mil is defined as the 1/1000 part of an 
inch (.001 in.), the circular mil (cir. mil) as the 
area of a circle having a diameter of 1 mil, and the 
square mil as the area of a square whose sides are 
1 mil in length. This is illustrated in figure 52 


DIAMETER d = 1MIL = 0.00! INCH 


AREA A =1 CIRCULAR MIL 
= 0.785 X 10-& SQUARE INCHES 
A 
ae Soe 
1 LENGTH £=1 MIL = 0.001 INGH 
AREA A= 1 SQUARE MIL 
{MIL = 10-6 SQUARE INCHES 
| B 
TM 661-180 
A. Circular mil, 
B. Square mil. 
Figure 52. 


b. In general, if a wire has a diameter of d mils, 
its area is d? circular mils. Jn other words when the 


area of a circle is expressed in circular mails, the 


area is simply the square of its diameter expressed in 
mils. 

c. If the length of a conductor is expressed in 
centimeters and the cross-sectional area in square 
centimeters, the resistance for copper at 20° ec. 
can be computed from the formula, 


l (centimeters) 


—— i i 
F (ohms)=1.7241X107°X A(square centimeters) 


If the length is expressed in feet and the area in 
circular mils, the resistance for copper at 20° C. 
is given by the expression, 

l (feet) 


A (circular mils) 


R (ohms)=10.37X 


Consider the following example: a round copper 
conductor having a diameter of 2 inches and a 
length of 5 feet is at a temperature of 20° C. 
What is its resistance in ohms? 

Solution: 2 inches=2X*1,000=2,000 mils. 
Therefore, the area in circular mils=(2,000)?= 


410°. Substituting values in the formula gives: 
= 5 = =6 
R=10.37 X gy ps= 12-96 X 10-* ohms, 


Though the formula for the variation of resistance 
with temperature has been given only for copper, 


it is true that the resistance of all metals changes 
with a change in temperature. 


52. Conductance 


Conductance is defined as the reciprocal of resist- 
ance. Obviously, the smaller the resistance, the 
ereater the conductance and vice versa. The 
unit of conductance is the mho which is merely 
the world ‘‘ohm” spelled backwards. The formula 
for conductance is obtained from the equation 


tap —- and is— 


G=r ee 
where A=cross section of conductor, 
/=length of conductor, and 


is = =conductivity of material. 


53. Common Conducting Materials 


a. The fact that copper is used as a conducting - 
material to a greater extent than any other mate- 
rial is accounted for not only by its high conduc- 
tivity and comparatively low cost but also by the 
excellence of its physical characteristics in general. 
It has high tensile strength (49,000 to 67,000 
pounds per square inch for hand-drawn copper), 
relative freedom from atmospheric corrosion, and 


- is easily soldered. 


b. Silver has the highest conductivity of all the 
metals but, because of its high cost, is only used 
when peak performance is more important than 
cost. Silver is used in measuring instruments and 
low-loss transmission lines. 

c. Aluminum is the principal competitor of 
copper in high-voltage transmission lines. It has 
a resistivity of 2.828 microhms (1 ohm X<10~°) per 
em-cube at 20° C., as compared with 1.7241 
microhms for copper, making its conductivity 61 
percent of that of copper. The density of alumi- 
num is 2.67, or only 30 percent of that of copper. 
From this data, it can be determined that alumi- 
num has about twice the conductance of an equal 
length and weight of copper. For example, if 
two transmission lines, one made of copper and 
the other made of aluminum, are to transmit the 
same amount of power with the same loss in trans- 
mission, the aluminum line will weigh about half 
the copper line. The total cost of the two instal- 
lations will be the same only if the price of alumi- 
num per pound is twice that of copper. 
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d. Metallic alloys exhibit numerous interesting 
characteristics, expecially with respect to tempera- 
ture coefficient and resistivity. 
example, which is.an alloy of 84 percent copper, 
12 percent manganese, and 4 percent nickel, has 
a very low temperature coefficient (.000006) which 
makes it very useful in the construction of measur- 
ing instruments and their accessories, in which 
constancy of resistance, independent of the heating 
effects of current, is important. 


54. Resistors 


There is a group of materials which, although 
they are conductors, have such high resistivity 
that their principal function is to convert electrical 
energy into heat energy, as the rheostats and 
heating elements for various purposes. Such 
appliances are called resistors. For example, 


cast iron grids are used for the starting rheostats 


RHEOSTAT 


Sita COIL 


A 


POLENTHOMETER 


Zi A 
i FIELD 
COIL 
TM 661-179 
Figure 53. Circuits showing use of a rheostat and a po- 
tentiometer. 
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Manganin, for 


WIRE-WOUND 
RESISTANCE 
ELEMENT 


ARROW INDICATES 
MOVABLE CONTACT 


ADJUSTABLE RESISTOR AND SYMBOL 


VARIABLE RESISTOR (POTENTIOMETER) AND SYMBOL 
8 


MOVABLE 
CONTACT 


VARIABLE RESISTOR (RHEOSTAT) AND SYMBOL. 


C 
TM 661-41 


Figure 54. Types of variable resistances commonly used 
radio equipment. 


of industrial and railway motors. Rheostats 
are of two general types: two-terminal rheostats 
and three-terminal rheostats, or potentiometers. 
Figure 53 shows circuits using the two types. 

a. One of the main uses of rheostats is to pro- 
vide some means of varying the current through 
the fields of d-c generators and motors. In A of - 


figure 53, the variable terminal A (arrow) is an 
arm which can slide along the length of the re- 
sistor. This changes the total amount of resist- 
ance in the circuit and, by Ohm’s law, changes 
the current. In B of figure 58, the field battery 
voltage appears across the potentiometer. By 
moving the variable arm A (arrow) along the 
resistance, the voltage across the field can be 
made to change and therefore the current through it. 

b. Among the materials commonly used in 
manufacturing metallic resistors is german silver, 
comprised of copper, nickel, and zine in varying 
proportions, with the resistivity increasing with 
the percentage of nickel. German silver has a 
high temperature coefficient. Copper-nickel alloys 
and iron-nickel alloys have high resistivity, that 
of the former running from 10 to 30 times that of 
copper. Nickel-chromium alloys (nichrome) have 
from 60 to 70 times the resistivity of copper. 
These alloys are especially useful in high-tem- 
perature devices such as electric furnaces. 

c. A few substances have very remarkable 
resistance characteristics. 


(1) Carbon, for example, has a resistivity 
- ranging from 400 to 2,400 times that of 


copper, depending on the physical state 
of the material. Carbon is extensively 
used as brush material for generators 
and in resistors for radio and _ elec- 
tronic equipment. 

(2) Selenium, one of the nonmetallic ele- 
ments, possesses the property of decreas- 
ing its resistance when light falls upon it. 

(8) The resistance of bismuth is dependent 
upon the intensity of the magnetic field 
in which it lies. 


55. American Wire Gage 


The American Wire Gage (AWG), formerly 
called the Brown and Sharpe (B &S) Gage, is so 
constructed that the ratio of any one diameter to 
the next in order is a constant. The largest size 
(No. 0000 or 4/0) is assigned an arbitrary diameter — 
of 460 mils, and No. 36 a diameter of 5 mils; 
between these two sizes there are 39 other sizes. 
The ratio of diameters taken in ascending order 
of size (descending order of gage numbers) is 
1.123. Since cross sections vary as the squares 
of diameters, the ratio of cross sections of succes- 
sive sizes, in ascending order of dimensions is 


VARIOUS TYPES OF FIXED RESISTORS 


AV 


FIXED RESISTOR SYMBOL B 


TM 661-40 


Figure 5&5. Types of fixed resistors commonly used in radio equipment. 
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(1.123)?=1.261. Sizes that are 2 gage numbers 
apart will be in the ratio of (1.261)?=1.590; 
sizes that are 3 gage numbers apart will be in the 
ratio of (1.261)?=2.005, or practically 2. Sizes 
that are 10 gage numbers apart will be in the 
ratio of (1.261)"°=10.164, or very nearly 10. 

a. If calculations are to be made in the absence 
of a wire table, the following rules will give a 
fair approximation: 

(1) Number 10 wire has a diameter of 100 
mils (actually 102 mils), a cross section 
of 10,000 circular mils, and a resistance 
of 1 ohm per 1,000 feet at 25° C. 

(2) The cross section doubles every three 
numbers in the direction of increasing 
size of wire, and halves every 3 numbers 
in the opposite direction. 

(3) The cross section increases tenfold every 
10 numbers in the direction of increas- 
ing size. 

b. The largest solid wire of circular section 
commonly used is No. 0000 wire, having a di- 
ameter of nearly % inch, and a cross section of 
nearly % square inch. Solid copper conductors 
of larger cross sections and greater current-carry- 
ing capacity, such as are required for buss bars, 
are usually of rectangular cross section, because 
of the greater ease with which they may be bent, 
bolted, and soldered. The greater ratio of lateral 
surface area to the cross-sectional area of each 
rectangular conductor is a distinct advantage in 
radiating the heat which develops as a consequence 
of the current flowing through it. In this way, 
the temperature is held down. 


c. When circular conductors of larger size than 
No. 0000 are required, stranded cables are always 
used because of their greater flexibility. In such 
cases, the size is expressed directly in terms of 
circular mils. Stranded cables of smaller cross 
section than No. 0000 are also available for pur- 
poses where flexibility is essential, as in the case 
of alamp cord. On the following pages, tables of 
resistance, conductance, and resistivities, to- 
gether with standard Brown and Sharpe tables 
are given. 
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56. Table of Relative Resistances and Con- 
ductances of Some Common Materials 
as Compared with Annealed Copper 


(Value of copper=1) 


Material vee conan 
Silverthan ar 3. lee ee Soe ee eles tae 0. 92 1. 08 
Coppel we. Gero nae tee tenn = 1. 00 1. 00 
ol he Be AIEEE SS oe te 1. 38 ioe 
Diteosvitibbioeyee co ae ne ee ae 1. 59 . 629 
EDN gs teneeer ters 2 ie ieee pes es 3. 20 . 312 
TNC ARS a) ancy ale Py Oe ee eh ae 3. 62 Sp HRS 
Brassaceec St] os ee ri ees 4. 40 S22h 
UPA HRboNb Rode gre Mek ne ee a eee 5. 80 ed 
TRO nes te ee reer da pe Bes Ses) 6. 67 . 149 
Nickles psy 2 Ab is ca ot Bins Bye ons . 129 
M Wits Pg te ene ete oh Ew Held 8. 20 spent 
Stechss 2a. sas pe sen 2 eee ee 8. 62 Fibs 
j BretYo Eee eh hw apie le gy As 12. 76 . O81 
Mercurys see Se eer eee 54. 60 . 018 
Nic¢hrom esses nee 2 eee 60. 00 . 0166 
Carbone Sase2 eigen ee) LAB Seeine 2, 030. 00 . 0004 


57. Table of Specific Resistivities 


Resistivities of various materials in ohms per 
circular mil-foot at 20°C. 


Material Resistivity 
Silver shay Bee ee eee ees, SNe eee 9. 56 
Gopper? (annealed) Ee. ae eke ese 10. 4 
ALU in oats eee ee ee ee ne, ee ile. 
Turigsten.ee a. 2 a eee eee one eee 34. 
Brass 32 Pl ce Eee es On eet a ere 42. 
Nic¢kel2 1 a: apse eens 2 AeeMe ere hs Peak Fe ee 60. 
PU sir Uys ge ae eae tat ee ee ee 60. 
TON sees POY oes ey SONS 5, eee ES ee ee Oe 61. 
Manganin. Senseo seer ae ad ee 264. 
@onstantane esa nee ee pene 294. 
Cast ironies Syere oes eee mes 2 Es Se 435. 
Nichrome. 5 seeaeeeree eciatoe Jes oot 675. 
Carbon 02 sae ee ee re et eee 22, 000. 


58. Wire Table 


Approximate Dimensions and Resistance of Commercial Copper Wire American Standard (Brown & Sharpe) Wire Gage 


Diameter bare wire Rt a Safe carrying capacity, amperes Ohms per 1,000 ft 
B & 8 gage No. me 
In. Mils Rubber insulation Other insulation 70° F. 167° F. 
Ad) ee ewe. 0. 460 460 211, 600 160—248 198—510 0. 050 0. 060 
rh) Saeelea Sa. . 410 410 167, 800 188—215 166—429 . 062 5075 
PALO EE OCLs eens . 865 365 133, 100 120—185 145—372 . 080 . 095 
WY wage 8 a Sa . 825 325 105, 600 105—160 127—325 . 100 ~Lt9 
SB. lO . 289 289 83, 690 9i—136 110—280 SPH . 150 
PARE Ss ane . 258 258 66, 560 80—118 96—241 . 159 _ 190 
(al? Senta tear ge . 229 229 52, 441 69—101 88—211 . 202 . 240 
Sewers ee Ss . 204 204 41, 620 60—87 72—180 2254 2o0Z 
ira Ree eae . 182 182 33, 120 52—76 63—158 . al9 . 881 
OR ae 2c! . 162 162 26, 240 45— 65 54—134 . 403 . 480 
Th See BPE eee . 144 144 ZO TAQ a eee mer tr beeeee, aald ies Sea eB . 510 . 606 
eae ee ee . 128 128 16, 380 35—48 41—100 . 645 | . 764 
OM Soke .114 114 US OOO see seekers ae ees eee 5 fell fs: . 963 
SUC ee, es aan Sal . 102 102 10, 400 25—35 31—715 1. 02 1; 216 
hte Se oat a ae . O91 91 SEZ OG he eo ae ee ge ka ee ee 1. 29 1. 5382 
i ae ee . O81 81 6, 530 20—26 23—57 1. 62 1. 931 
ish. 22 Se ees . 072 72 OLSON emer ees Fila ake Ree & 2. 04 2. 486 
Aer . 064 64 4,110 15—20 18—43 2.57 3. O71 
Rife Pek enbte Sei : 057 57 SA 2OOT Roe ces ite Re ee Mas a eee Ee 3. 24 3. 873 
Gee eee ec! . 051 51 2, 580 6 10 4.10 4. 884 
iby es XS eee . 045 45 2 OG Os ea eras area | bee ae a ee 5.15 6. 158 
1S nhs, A ce . 040 40 1, 620 3 6 GS5 1 7. 765 
joyce ee eee . 036 36 1200 Set eee pete sree Nine en 8. 21 9. 792 
20 bea . 032 32 ES 020 2 |e hae ec ae ee eee teh 10. 3 12. 35 
2 Pa 2 Se 8 . 028 28 Sl 2 keen een Mere eh Fee oak Eee 13.0 15250 
DP Ree fe x ee ES i. . 025 25 (SAU et tay pe te Te mee 16. 5 19. 63 
As ed 2 ete CC Si . 024 24 to Fal is Ag Se | ee, Cae ay ace 20. 7 24. 76 
DT SS ae ea . 020 20 Co Oy Ba Tae ee ee 2 Sy eee a a ee ee 26. 2 31. 22 
PAS a Ne ee Soe en . 018 18 oy este erect peur Ml Xp SE is as 33. 0 39. 36 
Zoi eee} . 016 16 PASTS fe [os wh ee Le Te Al RE See Seg ge re 41.8 49. 64 
Dis eke 2S . 014 14 20) 2 2 RRS Benne See eae 4 At 52. 4 62. 59 
Ome ee 6 IS . 013 13 tL Ot | a eet nes wet Hak ae ne, Eo 66. 6 78. 93 
PAE TE dere petal! 11 28 |e eee © Repaid No hs By eet 82.8 99. 52 
ra) ame ee Ee . 010 10 OO se eee ee eee ee a eee 106 125. 50 
iil ee eee ee . 009 9 Oe teas ele hee Pee Ole ang mee a 134 158. 20 
SACD = 8: Abin ore oa . 008 8 (SSA Bey RS eee NC Se Net.) ree So cna 165 199. 50 
So an pe ae . 007 7 11 O)6 4 | Sete Sea ear OPE ed he Fear a 210 251. 60 
BY. Rawr et pe, eee . 006 6 AQT Rte A i on aly ye ee a 266 317. 30 
Sk a . 005 5. 6 SO alex ee ee ee ee al reese Oe Ee oe 337 400. 00 
SOs ae eee eS . 005 5 DPS oe een al Ae Ae een Sep 423 504. 50 


Note.—This table is arranged according to American Standard (Brown & Sharpe) Wire Gage for copper wires. 
numbers, columns 2 and 3 are diameters in inches and mils, column 4 is area in square mils, columns 5 and 6 are the safe current-carrying capacities taken from 
National Electric Code. Columns 7 and 8 give resistance at two temperatures per 1,000 feet. 


The first column carries the gage 
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59. Heat Losses 


a. It has been found experimentally that when 
a current of J amperes flows through a resistance 
of R ohms for ¢ seconds, the amount of heat 
developed is— 


H=RIt, 


where H=heat developed in joules, 
R=resistance in ohms, 
Z=current in amperes, and 
t=time current flows in seconds. 


The amount of heat generated in one second 
(t=1) is expressed by RJ? joules. Now a joule per 
second is called a watt and is the unit which ex- 
presses the rate at which heat is produced. Ob- 
viously, 


Wales _ Wear 


W is commonly referred to as the /?R loss. In 


most commercial equipment, it is necessary to. 


keep this loss down to a minimum for two reasons: 
(1) It represents energy wasted. 
(2) It increases the temperature of the 
equipment. 


b. Because a conductor heats when carrying 
current, it is important to choose a size wire 
which will not overheat when carrying the re- 
quired current. For each size conductor, there is 
usually specified the maximum safe current that 
it can carry without overheating. Of course, in 
certain appliances such as lamps, irons, and toast- 
ers, the heating effect of electricity is desired. In 
many radio and electronic circuits, the current is 
so small that heating effects are negligible. 


60. Power Rating of Resistors 


Whenever current flows through any electrical 
equipment, a certain amount of power is con- 
sumed. The amount of power consumed in a re- 
sistor, in watts, is given by the formula W=/?R, 
where W is the power in watts, J is the current 
in amperes, and RF is the resistance in ohms. 
The power consumed by a resistor is dissipated 
completely in heat. Therefore, the larger the 
surface area of the resistor and the freer the cir- 
culation of air around it, the greater the ease with 
which the resistor can dissipate heat. In general, 
a large resistor (in physical size) will have a 
higher power rating than a small resistor. Man- 
ufacturers of resistors rate their product in two 
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ways, ohms for resistance and watts for power. 


However, manufacturers specify that resistors 
must be mounted in the open a certain distance 
from any other object in order to give the 
rated service. Since resistors used in radio cir- 
cuits and other communication equipment are 
always crowded together in confined spaces they 
must have a power rating higher than if they were 
to be used according to specifications. These re- 
sistors are frequently selected with from two to 
four times the power rating required for the same 
job under ordinary conditions. 


61. Commercial Resistors 


Resistors can be classified in two groups, de- 
pending on the materials of which they are made: 
wire-wound resistors for power ratings above the 
2-watt size, and composition type resistors for 
power ratings of 2 watts and under. 

a. Wrre-Wounp Resistors. There are two 
common types of wire-wound resistors: 


(1) Fixed resistors having a definite value 
of resistance. These resistors have only 
two terminals, one at each end of the 
resistor. 

(2) Variable resistors (rheostats and poten- 
tiometers) having values or resistance 
which can be varied from approximately 
zero to the maximum value. Rheostats 
are sometimes called *#48 "wire resistors 
and have only two connections, one 
fixed and one movable. Potentiometers 
(a type of rheostat) have three terminals, 
two at the fixed ends of the coil and one 
on the movable contact. Types of vari- 
able resistors are shown in figure 54. 


6b. Composition Resistors. Wire resistors of 
large ohmic values require so much wire that their 
general use is prohibitive. By powdering carbon 
and mixing it with some binding material, high- 
value resistances can be made easily and econom- 
ically. The proportion of carbon to binding 
material determines the resistance per inch, and 
resistors of any desired value may be made by 
this process. Composition resistors have wires 
(called pigtails) extending from the ends. These 
wires are used to connect the resistors into the 
circuit. Carbon resistors cannot be made as 
accurate as wire-wound resistors and are, there- 
fore, usually marked with a colored band around 
the center to indicate the percentage of accuracy. 
This variation in actual value from the nominal 


value is called the tolerance. If the actual value 
(determined by actual measurement) is within 
+5 percent of the nominal value a gold band is 
placed near the center of the resistor. 
measured value is withhin +10 percent, a silver 
band is put on the resistor. If there is no band, 
the indicated tolerance is within + 20 percent of the 
nominal value. Figure 55 shows various types 
of fixed resistors. 


62. Resistor Color Code 


Modern radios and other communication equip- 
ment utilize many resistors of various sizes. In 
order to repair and service this equipment with 
minimum amount of effort and time, it is necessary 
that the technician be able to recognize the value 
of these resistors. After trying a number of 
different methods, the color code method of 
indicating size and tolerance was finally evolved. 
Colors were assigned definite values as follows: 


Blacks a8 teas. 0 Green jeer 5 
STO Wile ee ee ae 1 Biues eee es 6 
Ee Ceeea ae ee Rae 2 Wioletaeetaets ir as 7 
Opiiees 2 oe 3 3 Gray Sees S 8 
mVelOWe see ws 4 Wihite =e eee 9 


a. Method A (fig. 56) is the most recent develop- 
ment and is used by JAN (Joint Army-Navy) and 
most manufacturers. In this method, four bands 
are placed on the resistor. Reading from the 
end toward the center, the first color band indicates 
the first digit, the second color band indicates the 
second digit, and the third color band indicates 
the number of zeros to be added in order to obtain 
the resistance value. The fourth band around 
the resistor (either gold or silver) indicates the 
tolerance. For example, a resistor of 10,000 
ohms (+10 percent) would have a brown band, 
a black band, and an orange band to indicate 
10,000 ohms. The fourth band would be silver 
to indicate a tolerance of +10 percent. Thus, 
the value of the resistor would be between the 
limits of 9,000 and 11,000 ohms. 

b. Method B (fig. 56) uses body, tip, and a 
band around the middle. The body indicates 
the first digit, the tip indicates the second digit, 
and the band around the center indicates the num- 
ber of zeros to be added. Sometimes this method 
uses a dot in place of the band around the center 
to indicate the number of zeros or multiplying 
value. The JAN color code indicates tolerance 
on these resistors by a gold or silver band on the 


945343 °—51——_5 


If the . 


other end of the resistor. 
for precision resistors. 


63. Prefixes 


In any system of measurements, a single set of 
units is usually not sufficient for convenient com- 
putations. For example, inches are usually used 
for small distances, while larger distances are 
given in feet, yards, or miles. If we were to express 
a large number of miles in inches, we would be 
entirely correct, but the number would be cum- 
bersome and impractical. In electricity, espe- 
cially in communications work, it is often necessary 
to use wide ranges of numbers representing the 
values of the different units such as volts, amperes, 
etc. A series of prefixes which appear with the 
name of the unit have been devised to be used 
for the various sizes of the units. There are six 
of these prefixes, also known as conversion factors, 
that are used extensively in electrical work. 
These are given as follows: 


Color coding is not used 


Mega means one million—1,000,000 


Kilo means’ one thousand—1,000 


Centi means one-hundredth— a5 
Milli means one-thousandth— Dare 
; 1,000 
Micro means one-millionth— iY Rte an 
: : 1,000,000 


Micro micro means one-millionth-millionth— 
1 
1,000,000,000,000 


For example, the word “kilo”? means one thou- 
sand. Thus, 1 kv (kilovolt) equals 1,000 volts. 
Then 1 volt equals one-thousandth of a kv or 
an ky. This may also be written 0.001 kv. The 

) 
word “milli”? means one-thousandth, 1 millivolt 
1 

ae) of a volt. Then 1 
volt equals 1,000 mv (millivolts). These prefixes 
may be used with all electrical units, and provide 
a convenient method for writing extremely large 
or small values. Most electrical formulas require 
the use of values in the basic units, therefore, all 
values must usually be converted before computa- 
tions can be made. 


equals one-thousandth ( 
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BLACK 
BROWN 
RED 
ORANGE 
YELLOW 
GREEN 

| BLUE 
VIOLET 
GRAY 
WHITE 
GOLD 
SILVER 
NO COLOR 
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RESISTOR COLOR CODES 


RMA COLOR CODE FOR 
FIXED COMPOSITION RESISTORS* 


SIGNIFICANT 
FIGURES 


ZENE: 


TOLERANCE 
MULTIPLYING VALUE 


METHOD A 


SIGNIFICANT 
FIGURES 


MULTIPLYING VALUE 
METHOD B 


10 


000 
10,000 
100,000 
1,000,000 
10,000,000 
100,000,000 
000,000,000 
0.1 
0.Ol 


JAN COLOR CODE FOR 
FIXED COMPOSITION RESISTORS 4 


SIGNIFICANT 
FIGURES 


TOLERANCE 
MULTIPLYING VALUE 


METHOD A 


TOLERANCE 
MULTIPLYING VALUE 


SIGNIFICANT 
FIGURES 


* INSULATED FIXED COMPOSITION RESISTORS 
WITH AXIAL LEADS ARE DESIGNATED By 
A NATURAL TAN BACKGROUND COLOR. 
NON-INSULATED FIXED COMPOSITION RESIS- 
TORS WITH AXIAL LEADS ARE DESIG-— 
NATED BY A BLACK BACKGROUND. 


* RESISTORS WITH AXIAL LEADS ARE IN- 
SULATED. RESISTORS WITH RADIAL LEADS 
ARE NON-INSULATED. 


RMA: RADIO MANUFACTURERS ASSOCIATION 
JAN: JOINT ARMY-NAVY 


THESE COLOR CODES GIVE ALL RESISTANCE 
VALUES IN OHMS. 


TL32454S 


Figure 56. Resistor color codes. 


64. Conversion Table 
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Uae neni yee 2 ee Meee oe equals bliss me ase BOO Weeks ae era eS | henry 
ienaalTihOMeee ee re OC Ua Lg meta we ee eee oes (0) tee SLR Sate eee a ewes mho. 
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65. Circuit Symbols 


When an electrician or radio man draws a circuit 
of some equipment which contains resistors, bat- 
teries, and other electrical parts, he always makes 
use of circuit symbols. For example, figure 54 
shows different types of variable resistors with 
their electrical symbols, and figure 57 shows the 
method of using symbols in a circuit diagram. 
Other symbols are used if other parts appear in a 
circuit. A variety of symbols commonly used in 
electrical work are shown in figure 58. 

a. A circuit diagram which makes use of symbols 
is known as a schematic diagram. Actually, pic- 
tures of the parts in a circuit could be drawn in- 
stead of circuit symbols but this would be time- 
consuming and, in the case of circuits using hun- 


dreds of parts, would be difficult to read. 


b. Figure 57 shows the simplicity of a schematic 
diagram as compared with a pictorial diagram. 
Note that the parts wired into the circuit of A of 
figure 57 are partially replaced by circuit symbols 
in the pictorial-schematic diagram of B of figure 
57, and entirely replaced by circuit symbols in the: 
schematic diagram of C of figure 57. Also note 
that the symbol for the tube (V1) actually contains 
more information than the picture of the tube. 
That is, the symbol shows various parts inside the 
tube which cannot be shown clearly in a picture 
diagram. 

c. It is not expected that the reader will under- 
stand the electrical functioning of the circuit shown 
in figure 57. The theory of radio circuits is beyond 
the scope of this manual. However, the funda- 
mental principles of electricity must be known 
before an understanding of radio can be obtained. 
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VARIABLE TAPPED TUBE 
4 CAPACITOR p INDUCTOR = eA Vi 
i Gil eI | Ll (-AS= ———N 


: ie at 
I; cin 


ili il 


HA 


RESISTOR 
Rl 


Gi, li, ps 
BEE: 
Se PLATE SUPPLY 

== B” BATTERY 

@ eed 
CAPACITOR S ] 
C2 e FILAMENT SUPPLY 
i pera Ses: 

><. 


_ 


CAPACITOR C3 
ACTUAL CIRCUIT A 


ey 


B BATTERY 


“AN” BATTERY 


PICTORIAL SCHEMAT IC B 


“B” BATTERY 
a 


Cl Et 


——= 


YOQQOV0 


AY A \ 
ses BATTERY 


SCHEMATIC DIAGRAM C 


TM66I-63 
Figure 57. Use of cirewt symbols. 


66. Summary 


a. The random velocity of electrons in a con- 
ductor is very great, being of the order of 400 
miles/see. 

b. When a field is superimposed on the electrons 
in a conductor, the resultant drift velocity is 1 
cm/sec, which is relatively slow. 

c. When current flows through a resistor, heat 
is produced. 

d. An ammeter is used to measure current. 
A voltmeter is used to measure voltage. 

e. A coulomb per second is defined as an ampere. 

f. The resistance of any material depends on its 
length, cross section, and temperature. 


VARIABLE 
FIXED RESISTOR i. \4 
RESISTOR Se NN ea (RHEOSTAT) 
VARIABLE = Pr Vani 
RESISTOR uv x V KEY 
(POTENTIOMETER) 
VOLTMETER AMMETER (+ )— 
BATTERY — ij —— FUSE —o71.9— 
CAPACITOR —|t—— (RORESGRE a 
CHOKE COIL —~000— 
SOURCE OF 


O0-CG GENERATOR D ALTERNATING 
VOLTAGE 


D-C’ MOTOR (fo A-C MOTOR (a): 
SINGLE POLE DOUBLE POLE ——o 
SINGLE THROW Re pice SINGLE THROW 
SWITCH SWITGH sane 
SINGLE POLE 
DOUBLE THROW OM Oe 
SWITCH AIR CORE 
TRANSFORMER 
IRON CORE 
TRANSFORMER 
HORSESHOE 
MAGNET 
BAR MAGNET Hs) 


TM 661-43 


Figure 58. Circuit symbols. 


g. Ohm’s law states: the voltage drop across a 
resistor is equal to the resistance times the current 
through the resistor. 

h. Copper and aluminum wire are most com- 
monly used for the transmission of electrical power. 
Copper has a higher conductivity than aluminum; 
aluminum has a lower density than copper. 


67. Review Questions 


a. What is resistance? State some of the 
factors that influence resistance. 

b. Define random velocity. What is the drift 
velocity of electrons in a conductor? 

c. Why is the drift velocity low and the random 
velocity high? 

d. Do electrons travel in the conductor at the 
speed of light? 

e. How is electrical energy transmitted from 
one point to another at approximately the speed 
of light? 

f. Give the physical factors affecting resistance. 

g. What is the law giving the temperature vari- 
ation of resistance? 

h. State Ohm’s law. 

2. Define current density and current. 

7. State the factors that determine current 
density. 

k. What is an ammeter and how is it used? 
What is a voltmeter? 

l. Why is a color code necessary? 
and explain the color code. 


Describe 


m. What colors would be used to indicate a 
resistor of 10,000 ohms? 

n. A resistor has, reading from end to center, 
the following colors: red, black, green, and silver. 
What is the value of the resistor? 
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CHAPTER 6 
OHM'S LAW 


68. General 


The relationships of current, voltage, and resist- 
ance must be considered in every electric circuit. 
Direct current will flow only in a closed circuit (fig. 


(1) the way emf (electromotive force) is distrib- 
uted throughout a circuit, and (2) the relation- 
ships of voltage, current, and resistance. He 
published the results of his experiments in 1827. 

a. STATEMENT OF Oum’s Law. OHM’S LAW 


TM 661-310 


Figure 59. Georg Simon Ohm demonstrates the relationship of E, I, and R. 


40) which provides a continuous conducting path 
from the negative to the positive terminal of the 
voltage source. As discussed in this chapter, 
Ohm’s law shows the relationships of voltage, 
current, and resistance in d-c circuits. 


69. Ohm’s Law 

The relationships of current, voltage, and re- 
sistance were first proved by Georg Simon Ohm 
(1787-1854), a German physicist. Using very 
poor and deficient apparatus, but the best to be 
had at that time, he performed a series of experi- 
ments which completely settled the questions of 


58 


STATES THAT THE CURRENT IN AN 


ELECTRIC CIRCUIT IS PROPORTIONAL 


TO THE VOLTAGE AND INVERSELY PRO- 
PORTIONAL TO THE RESISTANCE. 
6. EquaTIoNs For Oum’s Law. This law may 
be expressed by any one of three equations: 
(1) J=E/R, or current equals the voltage 
divided by the resistance. 
(2) R=E/I, or resistance equals the voltage 
divided by the current. 
(3) E=IR, or the voltage is equal to the 
product of the current times the resistance. 


70. Practical Application 


A schematic diagram of a simple circuit is shown 
in figure 60. The positive terminal of the 12- 
volt battery is connected by a wire conductor 
(called a lead) to the positive terminal of an am- 
meter. A second lead connects the negative ter- 
minal of the ammeter to a 3-ohm resistor, and 
a third lead connects the other end of the resistor 
to the negative terminal of the battery. This is 
a series connection, and it provides a continuous 
conducting path from the negative to the positive 
terminal of the battery. The leads have some 
resistance, and the battery has internal resistance 
(ch. 7), but for the purposes of this discussion, 
the internal resistance of the battery and the 
resistance of the lead wires will be neglected. In 
other words, we will consider only the resistance 
of each piece of equipment (the resistor, in this 
instance) external to the source of emf. Notice 
that the ammeter is connected so that all the cur- 
rent must pass through it. The voltmeter is 
connected across the battery; that is, the positive 
terminal of the meter is connected to the positive 
terminal of the battery, and the negative terminal 
of the meter is connected to the negative terminal 
of the battery. 

a. PropueM. Find the current when the bat- 
tery voltage (as indicated on the voltmeter) is 12 
volts and the resistance is 38 ohms; proceed as 
follows: 

(1) Express the known values in terms of 
the symbols representing them: 


H=12 volts 
R=83 ohms 
i 


(2) The Ohm’s law formula for determining 
the current when FE and Ff are known 
is— 

eh, 

(3) Substituting for symbols their known 
values, 

e123: 

(4) Solving by dividing 12 by 3: 

I=4 amperes. This is the current 
that the ammeter will indicate. 
b. Propuem. Find the resistance when the 
voltage is 12 volts and the current is 4 amperes. 
The Ohm’s law formula for resistance is, 
al. 

Substituting in this equation the known 

values and solving for R, 
B=)2/4=3: ohms. 


c. PropteM. Find the voltage when the cur- 
rent is 4 amperes and the resistance is 3 ohms. 
The Ohm’s law formula for voltage is 

Th. 
Substituting in this equation the known 
values and solving for E, 
H=4X%3=12 volts. 


PICTORIAL DIAGRAM 
OF CIRCUIT 


VOLTMETER A 


I=4 AMPERES 


== E=12 volTs 


SCHEMATIC OF CIRCUIT 


B 
TM 661-254 


Figure 60. Simple circuit, parts A and B. 


71. Memory Method 


The formulas for solving problems involving 
Ohm’s law must be learned. Do not bypass these 
formulas, they must be understood and remembered. 
A simple aid to memorizing the Ohm’s law for- 
mulas is shown in figure 61. Part A of this figure 
shows a circle with the three symbols arranged in 
separate spaces. If any one of the symbols is 
covered, the arrangement of the other two sym- 
bols forms the right-hand side of the formula for 
determining the value of the covered symbol. 
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Thus, if a finger is placed over the J (B of fig. applied voltage which is obtained from dry cells, 
61), E/R remains, and indicates that J is equal to each of which furnishes 1.5 volts. 


E/R; if R is covered (C of fig. 61), H/I remains, (1) In A of figure 62 there is only one cell in 
and indicates that R equals H/J; and if EH is cov- the circuit and the voltage is 1.5 volts 
ered (D of fig. 61), JR remains, and indicates as indicated on voltmeter V;. The 
that H equals IR. resistance in the circuit is 6 ohms. What 


is the value of the current? 


re if | 


Cay By oe 
yy) 

SG. as 

x ROS 

A 


[=0.25 ampere. 


(2) In B of figure 62, two cells are connected 


: » yy in the circuit. The voltage as indicated | 
(2 on voltmeter V2 is 3 volts, or just double | 
the voltage of one cell. The resistance | 


is still 6 ohms. What current will flow | 

ay in this circuit? 
By Ohm’s law, | 

| 


E 
D 1=7 
TM 661-242 
3 | 
Figure 61. Memory aid for learning Ohm’s law. i 
72. Units of Measurement J=0.5 ampere. | 


It is best, when solving problems with Ohm’s 
law, to use the practical units of measurement; 
that is, in terms of volts, amperes, and ohms. 
Problems are frequently given with fractional or 
multiple values of these units, such as the mil- 
liampere, kilovolt, ete. Whenever such values 
are given in a problem, use the conversion table 
(par. 64) and convert all values to the basic units; 
namely, volts, amperes, and ohms. 


Notice that by doubling the voltage, we 
also doubled the current (increase from 
.25 ampere to .5 ampere). 

(3) In C of figure 62, another cell has been | 
added, making a total of three cells in the 
circuit. The voltage, as indicated on V3, | 
is now increased to 4.5 volts. The re- | 
sistance has not changed. What is the 


current? 
’ | 
73. Applications Le GU A | 
If the voltage is increased while keeping the resist- jae 
ance constant, there will be an increase in the current. fe | 
If the resistance 1s increased while keeping the £56 
voltage constant, there will be a decrease in the v ate 
current. 
a. Errecr or VottTace IncrEASE. Figure 62 L=75 ampere. 
shows four separate circuits A, B, C, and D. These 
circuits are alike in that they have a voltage source The current has again increased. 
connected to a 6-ohm resistor and an ammeter. (4) D of figure 62 shows a fourth cell added to 
There is only one path for the current flow. The the circuit. The voltage is now 6 volts, 
difference in the four circuits is in the value of the as indicated on voltmeter Vy The re- 
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I=.25 AMPS I=.5 AMPS 


I= .75 AMPS 


&} 2 | C 


T™ 661-244 


Figure 62. Effect of changing voltage. 


sistance is 6 ohms. What is the current? By Ohm’s law, 
By Ohm’s law, 
E 
ee Lp 
R 
6 
6 ts 
pee 2 
us 6 


J=1 ampere. [=3 amperes. 

(2) With two 2-ohm resistors in the circuit 
(B of fig. 63), the total circuit resistance 
is 2+2=4 ohms. The voltage remains 
constant at 6 volts. What is the current? 
By Ohm’s law, 


The current in the circuit of D of figure 
62 is four times greater than the current 
in A of figure 62. By this analysis, it 
was shown that if the resistance is kept 
constant and the voltage is increased, the 
current will increase vn proportion to the 
increase in voltage. Vf _E 
b. Errecr or INcREASING RESISTANCE. ft 
(1) For the first example (A of fig. 63), the 6 
2-ohm section R, is the only resistance in 4 

the circuit. The measured voltage Vi 
is 6 volts. What is the current? J=1 amperes. 
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(3) With three 2-ohm resistors in the circuit 
(C of fig. 63), the total circuit resistance 
is equal to 2+2+2=6 ohms. The 
voltage remains at 6 volts. What is 
the current? 

By Ohm’s law, 


{[=1 ampere. 


(4) With four 2-ohm resistors in the circuit 
(D of fig. 63), the total circuit resistance 
is equal to 2+2+2+2=8 ohms. The 
voltage is still 6 volts. Find the current. 
By Ohm’s law, 


J=*, ampere. 


Notice that the current has decreased 
with the addition of resistance. There- 
fore, if the voltage 1s kept constant and the 
resistance is increased, the current will 
decrease as the resistance is increased; that 
is, the current is inversely proportional 

to the resistance. 
c. Erreet oF INCREASING CURRENT. One of 

the forms of Ohm’s law is H=JR. 

(1) If the current through a resistor is 2 
amperes, and the value of the resistance 
is 2 ohms, the voltage across the resistor 


is— 

By Ohm’s law, 
yh BF 
E=2 2 
E=4 volts. 


(2) If the current through the same resistor 
is 1 ampere, the voltage across the re- 
sistor will be— 

By Ohm’s law, 


fad 8 és 

BA? 

E=2 volts. 
62 


BATTERY A 


2 OHMS 2 OHMS 


J 
6-VOLT 
BATTERY B 


2 OHMS 2 OHMS 2 OHMS 


BATTERY C 


2 OHMS 2 OHMS 2 OHMS 2 OHMS 


6-VOLT 
BATTERY D 
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Figure 63. Effect of changing resistance. 


In other words, it takes only one-half as 
much voltage to force 1 ampere of current 
through a resistance of 2 ohms as it does 
to force 2 amperes through the same 
resistance. Therefore, rt.can be concluded 
that the greater the current through a re- 
sistor, the greater will be the voltage across 
the resistor. The voltage across a re- 
sistor (or any other component) is called 


a voltage drop. A voltage drop is the 
potential difference required to produce 
the current through the part of the 
circuit under consideration. For example, 
when the current through a 2-ohm 
resistor is 1 ampere, the voltage drop, or 
potential difference between the ends of 
the resistor is 2 volts. 


74. Summary 
a, Ohm’s law states the relationships of voltage, 
current, and resistance. 
b. The symbols: EH means voltage, J means 
‘current, and R means resistance. 
: E 
ce. Ohm’s law for current is J =p or current 
equals voltage divided by resistance. 
: ; E 
d. Ohm’s law for resistance is R == Fm OF Tes 


sistance equals voltage divided by current. 


e. Ohm’s law for voltage is H=/R, or voltage 
equals current times resistance. 


f. The practical units of measurement are— 
(1) Amperes for current. 
(2) Ohms for resistance. 
(3) Volts for voltage. 


g. If we increase voltage and keep resistance 
constant, current will increase. 


h. If we decrease voltage and keep resistance 
constant, current will decrease. 


2. If we increase resistance and keep voltage 
constant, current will decrease. 


4. If we decrease resistance and keep voltage 
constant, current will increase. 


k. The formula H=/JR may be used to compute 
the voltage (voltage drop) across any part of 
@ circuit. 


l. The following table summarizes some of the 
above information: 


Vv 


Summary table 


Factor Practical unit | Symbol | Measure with— ee 
E 
Currentes =e. Ampere__| J____-| Ammeter___| I ran 
: E 
Resistance____| Ohm __-___ een Oo hmoame bere ee meh 
ee pe ees Violt= a= H____| Voltmeter__| #=7R. 


75. Review Questions 
_ a. Write the Ohm’s law formulas for finding— 

(1) Voltage. 

(2) Current. 

(3) Resistance. 
6. What current will flow through a coil having 
a resistance of 6 ohms if the applied voltage is 48 
volts? 

c. What is the resistance of an electric light bulb 
through which 1 ampere flows while 110 volts are 
applied? 


“ d. How many volts will be required to produce 


a current of 1.5 amperes through an electric bell 
having a resistance of 6 ohms? 

, e. Name the units that must be used when 
solving problems by Ohm’s law. 

/ f. In a given circuit the voltage is doubled and 
the resistance is held constant. What happens 
to the current? 

/ g. An electric iron requires 5 amperes to heat it 
properly. The resistance of the heating element 
in the iron is 22 ohms. What voltage will produce 
a current of 5 amperes through the iron? 

h. The resistance of a certain resistor is 100 
ohms. It is connected across the terminals of a 
4-volt battery. How much current will flow 
through the resistor? 

2. What are the symbols for: 

(1) Voltage? 

(2) Resistance? 

(83) Current? 
yj. In a given circuit the resistance is increased 
and the voltage is held constant. What change 
occurs in the value of the current? 
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CHAPTER 7 
PRIMARY CELLS 


76. Early Experiments and Discoveries 


Although our early knowledge of electricity and 
magnetism dates back thousands of years, little 
progress in the science of electricity was made 
until late in the eighteenth century when the elec- 
tric cell, or battery, was discovered by Luigi 
Galvani, an Italian physicist. The discovery 
occurred while Galvani was preparing an experi- 
ment for a class in anatomy. For the experiment, 
Galvani had removed frog legs from a salt solution 
and had suspended them by means of a copper 
wire. .He then noticed that each time an iron 
scalpel was brought in contact with a frog leg, 
a reaction occurred, that is, the leg jerked. 
Galvani concluded incorrectly that electricity 
was produced by the muscles of the frog. Just 
three years later, Allessandro Volta, another 
Italian scientist, found that the frog’s leg was not 
responsible for the electricity but rather, the 
electricity was the result of chemical action 
between the copper wire, iron scalpel, and salt 
solution. Pursuing these findings still further, 
Volta built the first electric battery, which he 
called a voltaic pile. 


77. Voltaic Pile 


The voltaic pile (fig. 64) consists of a stack of 


alternate silver and zinc plates separated from 
each other by pieces of cloth staurated with salt 
solution. Using this pile, Volta found that he 
could produce an electric current through a wire 
connecting the silver and zine plates. Thus, the 
voltaic pile was the first practical method of pro- 
ducing electricity by chemical action. Later, 
Volta made a single cell by placing copper and zine 
plates in a glass filled with a lye solution and 
again found that he could cause an electric current 
to flow through a wire when it was connected 
between the copper and zinc plates (fig. 65). In 
recognition of his work, this cell. is called the 
voltaic cell. 


64 


TM 661-269 


Figure 64. Voltaic pile. 
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Figure 65. Simple voltaic cell. 


78. Simple Voltaic Cell and its Parts 


Although the voltaic cell described in paragraph 
77 was comprised of copper and a zinc plate plus a 
lye solution, it is not necessary that the cell be so 
constructed. Actually, a voltaic cell can be built 
by using either a salt solution or an acid solution, 
and almost any metals can be used, provided the 
two metals are different from each other and the 
solution will act chemically on at least one of the 
metals used. 

a. The solution used in the cell is commonly 
called an electrolyte. Solutions of hydrochloric 
and sulphuric acids or ammonium and sodium 
chlorides make good electrolytes. 

6. The metals in the cell are called electrodes. 
Various metals can be used as electrodes because 


the cell action depends on the electrolyte acting 
more on one of the nitals than on the other. No 
chemical action occurs if both electrodes are 
made of the same metal. Zinc, iron, silver, copper, 
carbon, and platinum are suitable metals. 


79. Chemical Explanation of Cell Operation 

When two electrodes are placed in a solution in 
order to make a voltaic cell, a chemical action 
takes place. The most important result of this 
chemical action is that one of the electrodes is given 
a positive charge and the other electrode is given a 
negatwe charge. ‘Thus, there is a difference of 
potential, or emf, between the two electrodes and 
a source of electricity is available. An under- 
standing of how the chemical action produces an 
emf requires some knowledge of chemistry. 
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Figure 66. Chemical action of the voltaic cell. 
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a. Whenever an acid or salt is mixed with water 
to make a solution or electrolyte, two actions oc- 
cur. First, the acid or salt is dissolved in the 
water and, second, a chemical process called 
ionization takes place. That is, some of the sub- 
stance which has dissolved in the water breaks up 
into tiny parties which carry electrical charges. 
These particles are called ions. An ion is defined 
as a particle of subatomic, atomic, or molecular 
dimensions which carries either a positive or negative 
electrical charge. The ion is positive if it has a 
deficiency of electrons and is negative if it has an 
excess of electrons. For example, when sulphuric 
acid (H,SO,) is dissolved in water, some of the 
particles break down and form hydrogen ions 
(H*) (each of which has a single positive charge) 
and sulphate ions (SO,-~) (each of which has two 
negative charges). A of figure 66 shows how some 
of these ions are distributed throughout the 
solution. The entire solution is electrically 
neutral, that is, it contains equal numbers of 
these positive and negative charges. 

6. Other electrolytes break down as follows: 

(1) CuSO, (copper sulphate). Upon ioniza- 
tion, this becomes: 
Cutt (copper ion) and 
SO,-~ (sulphate ion). 
(2) NH,Cl (ammonium chloride). Upon ioni- 
zation, this becomes: 
NH,* (ammonium ion) and 
Cl- (chloride ion). 

c. It has been shown in a above that ionization 
occurs when sulphuric acid is placed in water, 
but that the solution has no external electrical 
effect because it contains equal numbers of posi- 
tive and negative charges. That is, the sulphuric 
acid solution does not produce electricity. 

d. When a dilute sulphuric acid solution is 
placed in a glass container and a zinc electrode is 
immersed in the solution (B of fig. 66) some of the 
zinc dissolves in the solution and produces posi- 
tively charged zine ions, with each zine ion so 
produced leaving two electrons on the zinc elec- 
trode. In B of figure 66, the zinc ions are desig- 
nated as Zn**, indicating two positive charges; 
the electrons on the electrode are designated as 
negative charges (~~). The excess positive ions in 
the solution cause the solution to become positively 
charged. The excess electrons on the zine elec- 
trode, on the other hand, cause the electrode to 
become negatively charged. A difference of poten- 
tial then exists between the zinc electrode and the 
solution of sulphuric acid. Also, the positive zinc 
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ions are attracted by the negative zinc electrode, 
and they accumulate around it. 

e. When a copper electrode is inserted in the 
solution (C of fig. 66), some of the positive 
hydrogen ions (H™) leave the solution and go to 
the copper electrode... Each of these hydrogen 
ions which reaches the copper electrode combines 
with an electron in a copper atom to form hydro- 
gen gas. The loss of electrons from the copper 
causes the copper electrode to become positively 
charged with respect to the solution. In C of 
figure 66, the hydrogen gas is designated as H° 
and the positive charges on the copper are desig- 
nated by plus signs (+). 

f. Because the zine electrode is negative with 
respect to the solution and the copper electrode is 
positive with respect to the solution, it follows 
that the zinc electrode is negative with respect to the 
copper electrode. Actually, the potential differ- 
ence between the electrodes is approximately 1.08 
volts for this particular type of cell. 

g. If, these two electrodes are connected ce a 
conductor, electrons will flow through the con- 
ductor from the negative zinc electrode to the 
positive copper electrode. When the electrons 
leave the zine electrode, more zine turns into 
zinc ions, thus replenishing the electrons on the 
zinc electrode. The newly formed positive zinc 
ions also repel the positively charged hydrogen 
ions and cause some of them to be deposited on the 
copper electrode. Here they combine with the 


electrons arriving from the zine electrode through 


the conductor and turn into hydrogen gas. In 
this manner the charge on each electrode is kept 
almost constant and their potential difference 
remains practically the same. 

h. When the zinc ions enter the solution, they 
attract and combine with the sulphate ions to 
form zine sulphate, which remains dissolved in 
the solution. If the electrodes remain connected 
by a conductor, current will flow in the conductor 
until all the zine turns into ions (dissolves in the 
solution of sulphuric acid), at which time current 
will cease. 

7. It is not expected that a student will long 
remember the details of the chemical action in the 
voltaic cell. However, it is expected that a student 
will remember that chemical reactions can be used 
to furnish a source of electricity or emf. 


80. Local Action 


When chemically pure zinc is used in the elec- 
trode of the voltaic cell described in paragraph 


79, the zinc is not consumed by chemical action 
when no external circuit is connected between. 
the positive and negative electrodes. In short, 
the cell does not wear out when not in use. How- 
ever, in most cases, zine electrodes are not chemi- 
cally pure zinc. Instead, tiny impurities such as 
particles of iron and carbon are imbedded in the 
zinc. These impurities enter into chemical action 
with the electrolyte to produce small electrical 
currents around the zinc plate even when no 
external circuit is completed between the positive 
and negative electrodes. As a result, chemical 
energy is consumed and the life of the cell is 
decreased. This condition is called local action. 
a. To prevent local action, zinc electrodes are 
usually amalgamated with mercury. When this 
is done, the zine dissolves in the mercury but the 
impurities do not. As a result, the zinc is free to 
enter chemical action with the electrolyte during 
normal operation of the cell (when an external cir- 
cuit is connected) but the impurities are covered 
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with mercury and do not enter into chemical action 
with the electrolyte to produce local action. 

b. In well-designed cells and batteries, local 
action is minimized. 

Note. An example of the detrimental effects of local 
action can be observed by trying to remove the dry cells 
from a flashlight which has not been used for a long time. 
In this case, local action causes the zinc container (nega- 
tive electrode) to be eaten away, the electrolyte spills out 
of the cell, and the cell becomes damp and swells, making 
removal of the cell from the flashlight difficult. 


81. Internal Resistance 


a. If a voltmeter is connected between the elec- 
trodes of the voltaic cell shown in A of figure 67, 
a reading of 1.08 volts, the open-circuit voltage 

of the cell, will be obtained. That is, 1.08 volts 
is the emf produced between the two electrodes 
when the cell is not delivering current to an exter- 
nal circuit. 

b. If a resistor is also connected across the ter- 
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Figure 67. Effect of internal resistance on all voltage. 
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minals of the electrodes, for example, the 2.8-ohm 
resistor in B of figure 67, current will flow from 
the negative to the positive electrode, as indicated 
by the arrow. The current which leaves the cell 
at the negative electrode and the current which 
enters the cell at the positive electrode must flow 
through these electrodes, which have a small 
amount of resistance. Furthermore, zine ions 
have to be pushed into the solution at the zinc 
electrode, and hydrogen ions have to be pushed 
out of the solution at the copper electrode. The 
electrolytic solution presents resistance to the 
motion of the ions. Therefore, it takes force to 
make these ions move. A part of the total emf 
of the cell is expended in making the ions move 
inside the cell. 

c. Current can be considered as the motion of 
charged particles. Since the ions are charged 
particles, their motion can be considered to be 
current. The positive zinc ions liberated around 
‘the negative zinc electrode (fig. 66) attract all 
the negative sulphate ions. (SO,-~) in the cell 
and cause them to migrate toward that part of 
the cell. This constitutes a flow of negative or 
electron current. The movement of the posi- 
tively charged hydrogen ions toward the copper 
electrode is a flow of positive electricity. Thus 
the previous statement that a part of the emf of 
the cell is expended in making the ions move in- 
side the cell can be restated as follows: ‘A part 
of the total emf of the cell is expended in making 
the current flow inside the cell.’’ 

d. This behavior of the cell is precisely that of 
resistance, so that the cell is said to have internal 
resistance. Suppose that the internal resistance 
of the cell in B of figure 67 is .2 ohm. The cell 
can then be represented as a theoretical 1.08-volt 
cell which has no internal resistance in series with 
a resistance of .2 ohm (C of fig. 67). Since the 
external resistance in the circuit is 2.8 ohms, the 
total resistance in the series circuit is .2 plus 2.8, 


or 3 ohms. \d 
e. The total current in the circuit is 4-8 


.o6 ampere. 
f. The voltage drop across the internal re- 
sistance of the cell is— 


IR= 36x .2=5.072' volt 


g. The voltage or potential difference across 
the 2.8-ohm resistor is— 


IR= .36X2.8=1.008 volts 
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This is the voltage at the terminals of the 
voltaic cell. 

h. By definition, the open-circuit voltage of a 
cell is the voltage between the terminals when no 
appreciable current is flowing. This voltage is 
measured by placing a voltmeter across the ter- 
minals of the cell when it is not delivering cur- 
rent. The voltmeter, because of its high resist- 
ance, draws so small a current to deflect its 
needle that there is said to be practically an open 
circuit between the terminals. 

i. The closed-circuit voltage of a cell is the voltage 
between its terminals when current is flowing 
through. an external circuit (B of fig. 67). The 
terminal voltage of a cell is merely the voltage be- 
tween its terminals (electrodes) and can therefore 
be either the open-circuit or closed-circuit voltage. 

7. In a above, the open-circuit voltage is 1.08 
volts; the closed-circuit voltage is 1.008 volts. The 
cause of the difference between the open-circuit 
and closed-circuit voltage is the internal resistance. 
The emf of the cell remains the same, but a voltage 
drop, equal to the current drawn times the in- 
ternal resistance of the cell, occurs within the cell. 
This internal voltage drop must be subtracted from 
the emf of the cell and results in a lowered terminal 
voltage when the cell is delivering current. The 
closed-circuit voltage is also referred to as the 
load or working voltage. The open-circuit voltage 
is referred to as the emf or nominal voltage. 


82. Polarization 


a. When a primary cell is furnishing current, 
positive hydrogen ions combine with electrons at 
the positive electrode and turn into hydrogen gas. 
This gas appears in the form of bubbles which do 
not rise to the surface as rapidly as they are 
formed. Some of the bubbles cling to the posi- 
tive electrode and form a layer of nonconducting 
gas about it. This interferes with the action of 
the cell in two ways: first, the internal resistance of 
the cell is increased since the nonconducting bub- 
bles of hydrogen gas on the positive electrode 
diminishes the area through which the positive 
hydrogen ions can reach the positive electrode, 
combine with electrons, and turn into hydrogen 
gas. Second, the positive hydrogen ions moving 
in the direction of the positive electrode, collect on 
or in the region of this gas, and repel other hydro- 
gen ions moving toward that electrode. This is 
equivalent to an emf which opposes the emf of 
the cell. 


b. A cell whose internal resistance is increased 
in this manner and in which an opposing or counter 
emf exists is said to be polarized. The net result 
of polarization is to decrease rapidly the closed- 
circuit voltage of the cell. Consequently, the 
current furnished by the cell rapidly diminishes 
in strength. 

c. One method commonly used to counteract 
polarization is by the addition of manganese 
dioxide, or some other: oxidizing agent, to the 
electrolyte. The manganese dioxide combines 
with the hydrogen gas on the plate to form water, 
thus preventing polarization. Another method 
which can be used on some wet primary cells is to 
remove the positive pole from the cell and wipe 
off the layer of gas. 


83. Cells and Batteries 


At one time, a cell was considered to be a single 
unit, such as a voltaic cell, which furnished a 
source of electricity. Also, a battery was defined 
as a combination of two or more cells connected 
together in order to obtain higher voltages or 
longer operating life. However, this distinction 
between the cell and battery is no longer valid. 
Instead, the terms cell and battery are now used 
interchangeably. 


Figure 68. Dry-cell battery. 


a. Primary Crus. All cells or batteries are 
classified under two general headings, primary 
cells and secondary cells. The voltaic cell already 
described is a primary cell, a name given to any 
cell in which an electrode is consumed gradually 
during normal use, and cannot be restored to its 
original useful state by recharging electrically. 
For example, in the voltaic cell described in para- 
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graph 79, the zinc electrode disintegrated grad- 
ually with use as zinc ions were produced and 
entered the solution of sulphuric acid. However, 
most primary cells in general use are not of this 
type. Instead, the use of these wet primary cells 
is confined to laboratory, experimental, and spe- 
cial-purpose work. Most primary cells are of the 
so-called dry type which are described in following 
paragraphs. Common examples of dry primary 
cells are those used in flashlights, portable radios, 
etc. A dry cell can be used for a considerable 
period of time but it must be discarded when one 
of its electrodes is worn out or consumed. It is 
not practical to rebuild a dry cell. Dry cells are 
used extensively in military communication equip- 
ment and furnish an emf for a variety of circuits. 
See figure 72. 

b. Seconpary Crus. In a secondary cell, an 
electrode is not destroyed during normal use. The 
secondary cell may be renewed or recharged elec- 
trically when it becomes run down. Common 
types of secondary cells are the storage batteries 
used to supply energy for electrical parts in auto- 
mobiles. Chapter 8 of this manual describes the 
secondary cell. 


84. The Dry Cell (LeClanche Cell) 


a. To overcome the defects of local action and 
polarization, many other types of primary cells 
using different chemicals have been made. Of 
these, the most widely used commercial type is the 
LeClanche dry cell. A typical 1.5-volt dry cell, 
the kind used in flashlights, is shown in figure 68. 
The component parts of this cell are shown in fig- 
ure 69. 
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Figure 69. Cross-sectional view of a dry cell showing parts. 
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b. The zine container is the negative electrode 
and the carbon rod is the positive electrode. A 
brass cap or terminal is forced on the end of the 
carbon rod to insure good electrical connections 
with the apparatus in which the cell is used. 
Instead of a liquid electrolyte, the electrolyte 
takes the form of a paste. For this reason, the 
cell is called a dry cell although it is not really dry. 
The electrolyte is a concentrated solution of 
ammonium chloride (an inhibitor to prevent zinc 
corrosion) and sufficient cornstarch or flour to 
form a stiff paste. A mixture of -finely divided 
carbon, manganese dioxide, and zine chloride is 
packed around the carbon electrode. The man- 
ganese dioxide, called a depolarizer, is used to 
counteract polarization. 

c. The chemical action that takes place within 
a dry cell is similar to that of the simple voltaic 
cell previously explained. In the dry cell, the 
zine container acts as the negative electrode and 
the carbon rod is the positive electrode. The 
solution of ammonium chloride (sal ammoniac) 
is the electrolyte. 

(1) When the cell is first assembled, the 
electrolyte breaks down into positive 
ammonia ions (NHy,*) and _ negative 
chloride ions (Cl~). When the zine con- 
tacts the electrolyte, positive zinc ions 
enter the solution and drive positive 


hydrogen and ammonia ions toward the 


carbon rod. This action produces a 
negative charge on the zine and a posi- 
tive charge on the carbon. That is, a 


potential difference exists between the 
two electrodes. 
(2) When an external circuit is connected 
between the terminals of the electrodes, 
flow from zine to carbon 


electrons 


through the external circuit. As this 
happens, further chemical action with- 
in the cell maintains the difference of 
potential between the electrodes until 
the zinc is consumed or the electrolyte 
loses its useful chemical properties. 


d. In addition to the commercial type 
LeClanche dry cell, three other types of dry cells 
are used by the Army, namely: RM (Rubin- 
Mallory), magnesium-silver-silver chloride, and 
zinc-silver chloride. These types are discussed 
in TM 11-415 and are considered only briefly 
here. 


(1) The RM dry cell (fig. 70) has different 
chemicals than the LeClanche dry cell 
and can furnish the same amount of cur- 
rent for a longer period of time when the 
current drain is continuous. For most 
military applications, the current drain 


is intermittent and for such service the 
LeClanche cell is still used. 


(2) The magnesium-silver-silver chloride dry 
cell is manufactured without any elec- 
trolyte and requires the addition of tap 
or salt water to activate it. However, 
once activated, this type of cell must be 
used immediately since it dissipates its 
electrical energy whether it is connected 
to a load or not. The cell is used to de- 
liver a large current for a short period of 
time. 

(3) The zine-silver chloride dry cell (fig. 71) 
is used only when very small current is 
required (10 ma or less). 

(4) There is also a reserve type of LeClanche 
dry cell that requires water to activate 
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Figure 70. RM cells. 
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Figure 71. Zinc-silver chloride cells. 


85. Terminals 


It is not usual to mark the polarity of the ter- 
minals of the LeClanche dry cells, although it is 
the practice to do so invariably in the case of 
secondary or storage cells. Probably, the reason 
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for this is that the terminals of a primary cell are 
so obviously different that they can be recognized 
immediately; in a storage cell there may be no 
apparent difference in appearance between the 
terminals. For any of the dry cells shown in 
figure 72, the center or carbon terminal is positive, 
and the outside or zinc terminal is negative. How- 
ever, when several dry cells are combined to in- 
crease either the voltage or current capacity and 
sealed as a unit in a case or container, the polarity 
usually is marked by plus and minus signs. 
Sometimes, polarity is indicated by the use of a 
red wire for the positive terminal and a black wire 
for the negative terminal. 


86. Voltage and Current of Dry Cells 


a. As previously stated, the chemical action in 
a cell sets up a difference of potential or voltage 
between the two electrodes of the cell. The 
magnitude or amount of this potential difference 
depends on only two things: 

(1) The materials of which the electrodes are 
made. 

(2) The type of electrolyte used in the cell. 
Note that the size of the electrodes or 
the amount of electrolyte does not affect 
the potential difference developed by the 
cell. 


Figure 72. Cylindrical dry cells (BA numbers are military nomenclatures). 
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b. As an example, the open-circuit voltage of 
the copper-zinc cell shown in figure 67 is approyi- 
mately 1.08 volts. A cell that has electrodes of 
different materials such as carbon, zinc, and an 
electrolyte of chromic acid would have a voltage 
of approximately 2 volts. The LeClanche dry 
cell has an open-circuit voltage of approximately 
1.5 volts.- Other types of dry cells have open- 
circuit voltages of 1.3 volts or less. 

c. Increasing the size of the electrodes of a 
particular cell will not increase the voltage of that 
cell; but the larger the electrodes, the greater the 
amount of current the cell will deliver at its rated 
closed-circuit voltage. 

d. When dry cells are new, and are not deliver- 
ing a greater amount of current than that for 
which they are designed, the closed-circuit voltage 
is very nearly the same as the open-circuit voltage 
and is only about .1 volt less per cell when the 
cell is first used. Toward the end of the useful 
life of the cell, the closed-circuit voltage drops to 
about 1 volt per cell instead of 1.5 volts. 

e. In the first few months after a dry cell has 
been made, the local action which occurs is negli- 
gible. After that the local action proceeds more 
rapidly, increasing the internal resistance and 
therefore decreasing the closed-circuit voltage. 
Local action will eventually render useless the 
commercial type of dry cell even though the cell 
may have been sitting idle on a shelf. Thus the 
commercial (LeClanche) dry cell has a shelf life 
of only a little over a year. The date of manu- 
facture is stamped on the covers of these batteries. 


f. When a dry cell is used, the chemical action> 


in it increases its internal resistance due to po- 
larization, so that after a period of time the 
closed-circuit voltage will decrease and in time 
drop to practically nothing. 

g. The amount of current that a cell can furnish 
without polarization depends on the size of the 
cell; the bigger the cell, the larger the electrodes, 
the less the internal resistance, and therefore the 
greater the current the cell can furnish without too 
great a difference between its open-circuit and 
closed-circuit voltages. In general, a large cell 
can supply a larger current than can a small cell. 
Also, a large cell can supply a given current for a 
longer period of time than can a small cell. A 
dry cell such as Battery BA-23 may be used to 
ring doorbells or to operate other devices requiring 
up to 5 amperes intermittently, or it may be used 
to furnish a steady current of up to 1 ampere. 
In the case of the intermittent load and larger 
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current, the depolarizer has time to reduce the 
polarized cell back to normal while the cell is idle. 
In the case of the steady load and smaller amount 
of current drain, the depolarizer can reduce the 
polarization as fast as it occurs, thus maintaining 
the voltage and current of the cell. 

h. The effective life of a dry battery can be 
greatly prolonged by keeping all terminals and 
contacts clean and free from corrosion. This is 
especially true of spring contacts. To remove the 
dull white surface formed by oxidization of the 
zinc electrode, scrape the electrode terminal 
lightly with a knife, being careful not to gouge the 
metal, and polish it with sandpaper until the 
terminal is bright. Batteries, battery compart- 
ments, and spring contacts should be kept clean 
and dry. 

i. Dry cells swell up when worn out, and they 
should be removed from equipment when the 
equipment is stored. Otherwise, the cell or bat- 
tery will become exhausted by local action, swell 
up in the equipment, and be very hard to remove. 
A common example of this is a swollen flashlight 
battery. 


87. Current Capacity Rating of Dry Cells 


a. Cells are rated from the point of view of their 


_-eapacity or ability to furnish a certain amount of 


current for a certain length of time. The unit in 
which this capacity is expressed is the ampere- 
To complete the number of ampere-hours, 
multiply the current flowing in amperes by the 
length of time it flows in hours. Thus, if a certain 
cell can furnish 4s ampere continuously for 1 week, 
its ampere-hour capacity is .5 ampere X 24 hours 
per day X 7 days per week, or 84 ampere-hours. 

b. The capacity or ampere-hour rating of a 
cell is based on a specified rate of current flow 
usually expressed in amperes. If the rate of cur- 
rent flow exceeds that specified, the capacity of the 
cell may be decreased, and conversely, if the cur- 
rent drain is less, the capacity may exceed the 
manufacturer’s rating. Intermittent use also 
increases the capacity, as the cell is given the 
opportunity to rejuvenate when no current is 
being drawn. 


88. Testing Batteries 


a. From the preceding paragraphs it is evident 
that when a load is placed on a cell or battery the 
terminal voltage decreases. This terminal volt- 
age decrease is relatively small when the battery 


is new (not discharged), but the voltage is greater 
as the battery becomes discharged. Therefore, 
it is evident that to determine the ability of a 
battery to perform a specific job for a reasonable 
length of time, it must be tested under load. This 
method is known as the closed-circuit voltage test. 

b. The open-circuit voltage of a dry cell is not 
a true indication of its condition. A nearly ex- 
hausted dry cell may indicate about 1.5 volts on 
open circuit. 

c. Many communication failures are due to the 
fact that maintenance personnel or operating 
personnel have failed to test properly the batteries 
used in a specific instrument before putting the 
instrument in service. Most communication ap- 
paratus used in the field is operated either by 
batteries or motor generators, hence it is of pri- 
mary importance that the student learn and 
remember how to test batteries. Never take 
equipment into the field without checking the 
closed-circuit voltage of spare batteries and the 
batteries in use. 


89. Methods of Testing Batteries 


a. TrEstiING A Batrery WHILE CONNECTED TO 
Irs Equipment. An excellent method of testing 
a battery under load is to measure the voltage 15 
seconds after it is actually connected and deliver- 
ing current to the apparatus with which it is 
used normally. However, this method presup- 
poses that the apparatus is free of trouble and 
presents its normal load to the battery. 


WITCH 
MITC 
VARIABLE 
BATTERY RESISTOR" 
UNDER~s—+ 
TEST 


TM66I-70 


Figure 73. Circuit used for testing a dry cell. 
6. TestInc A Batrery Wuite Not Con- 
NECTED To Irs EQUIPMENT. 

(1) To test a battery which is not connected 
to its equipment, it is necessary to place 
its normal load on it before testing its 
closed-circuit voltage. Battery test sets 
may be available for this test. If not, 
place the battery in a circuit such as 
shown in figure 73. If the normal cur- 
rent drain is known, adjust the variable 


resistor until the ammeter indicates the 
proper current. If the normal current 
drain is not given in the technical manual 
on the equipment, it may be possible to 
figure out the resistance in the circuit by 
referring to the schematic diagram. The 
variable resistor can then be set to this 
value by means of an ohmmeter and the 
proper value of current will flow when 
the switch shown in figure 73 is closed. 
After 15 seconds, the closed-circuit bat- 
tery voltage indicated by the voltmeter 
will show, by comparison with the re- 
quired voltage, whether or not the 
battery is serviceable. 

(2) If the current drain or load resistance 
cannot be ascertained, refer to Depart- 
ment of the Army Supply Bulletin SB 
11-30, Shipment and Shelf Life Infor- 
mation—Testing and Disposition of Dry 
Batteries. This supply bulletin presents 
a dry-battery testing procedure similar 
to that shown in figure 73, and furnishes 
the exact value of load resistance for the 
various types of batteries used by the 
Signal Corps. 


90. Connecting Dry Cells 


The arrangement of the cells in a battery 
depends on the requirements of voltage and cur- 
rent. If the voltage must be high, cells are con- 
nected in series. If the current requirement is 
high, cells are connected in parallel. If both the 
voltage and current requirements are high, cells 
are connected in series-parallel. 


91. Connecting Cells in Series 


a. When. the voltage required exceed 1.5 volts, 
it is necessary to use more than one cell and the 
cells must be connected in series. A of figure 74 
shows four 1.5-volt commercial type dry cells 
connected in series. The negative terminal of 
the first cell is connected to the positive terminal 
of the second cell, the negative terminal of the 
second cell is connected to the positive terminal 
of the third cell, and the negative terminal of the. 
third cell is connected to the positive terminal of 
the fourth cell. The positive terminal of the first 
cell and the negative terminal of the fourth cell 
are free and become the output terminals of the 
battery. B of figure 74 is a schematic representa 
tion of the four cells connected in series. The 
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Figure 74. Series connection. 


long line represents the positive terminal of each 
cell and the short line represents the negative 
terminal of each cell. 

b. When cells are connected in series, the same 
amount of current flows through each cell. 

c. When ceils are connected in series, the total 
voltage is equal to the sum of the voltages of the cells. 
In figure 74, the four 1.5-volt cells furnish 6 volts: 


1.5-+-1.5+1.5+1.5=6 volts. 


This is the open-circuit voltage and is obtained 
only when no current flows or if only a very small 
current flows. If an appreciable current flows, 
the closed-circuit voltage is less than the open- 
circuit voltage due to the combined internal 
resistance of all the batteries. In the battery 
described, if the current is .6 ampere, and the 
internal resistance of each cell is .2 ohm, the 
voltage drop in each cell is H=JR or .2X.5 or.1 
volt. For the four cells, the amount is 4.1 or 
4 volt. Subtracting the voltage drop, which due 
to internal resistance from the open-circuit vol- 
tages, gives 6 —.4 or 5.6 volts, which is the closed- 
circuit voltage of the battery when the current 
drain is .5 ampere. 

d. The ampere-hour capacity of a battery made 
up of cells in series is the same as that of a single 
cell, since the same current flows through all 
cells. The whole battery deteriorates at the rate 
of a single cell. 


92. Connecting Cells in Parallel 


a. The normal current drain of a type BA-23, 
1.5-volt cell is 4 to % ampere. When the current 
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required is more than this, it is necessary to von- 
nect two or more cells in parallel. Figure 75 
shows four 1.5-volt cells connected in parallel. 
Note that all the positive terminals are connected 
together and one terminal is the positive terminal 
of the battery. Likewise, all the negative termi- 
nals are connected together and one terminal is 
the negative terminal of the battery. 

b. When cells are connected in parallel, the total 
current obtained from the battery is equal to the sum 
of the currents drawn from the individual cells. 
Also, since their internal resistances are in parallel, 
the total internal resistance of the battery is less 
than the internal resistance of any individual cell, 
and the ampere-hour capacity of the battery is 
then slightly greater than the sum of the ampere- 
hour capacities of the individual cells. If the 


current drain on the battery shown in figure 75 is 
.) ampere, each cell furnishes 4 or .5 ampere, or 
.125 ampere. 


TM 661-273 
Figure 75. Parallel connection. 


c. When cells are connected in parallel, the voltage 
of the battery is the same as that of one cell. 'The 
internal resistance of the battery will be decreased, 
however, since the internal resistances are in © 
parallel. Thus, if the internal resistance of each 
cell in figure 75 is .2 ohm, the internal resistance 
of the battery is .2 divided by 4, or .05 ohm. If 
the current is .5 ampere, the voltage drop across 
the internal resistance of the battery is JR or 
0.5.05, which is .025 volt. By comparison with 
the. series connection of the same four 1.5-volt 
cells shown in A of figure 74 it can be seen that 


the voltage drop due to internal resistance in the 
parallel combination is considerably less than for 
a series combination. In both instances the cur- 
rent drain is .6 ampere. In the series connection, 
the drop in voltage due to internal resistance is .4 
volt, while in the parallel circuit the internal 
voltage drop is .025. 

d. The ampere-hour capacity of a parallel com- 
bination 1s equal to the ampere-hour capacity of one 
cell multiplied by the number of cells. 


93. Improper Connections of Cells in Parallel 


a. A of figure 76 shows what happens when 
cells are incorrectly connected in parallel. The 
voltage of both cells acts in the same direction to 
send a high current through the complete circuit 
formed by the two cells. This is equivalent to 
short-circuiting both cells, and they will be quickly 
ruined. 


INCORRECT 
(CURRENT WASTED) A 


CORRECT 
(NO CURRENT WASTED) 
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Figure 76. Circuit action when cells are incorrectly connected. 


b. B of figure 76 shows the correct method of 
connecting the two cells in parallel; all the current 
flows through the external resistance R which 
represents the load. 


94. Effects of Unequal Cell Voltages in Parallel 


Only cells of equal voltage should be connected 
in parallel. Figure 77 shows what happens when 
cells having different voltages are connected in 
parallel. 
instance 2 volts, discharges into the lower-voltage, 
1.5-volt cell. Before long, both cells have the 
same lower voltage. 


LOAD 
CIRCUIT 


INCORRECT 
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Figure 77. Circuit action when cells of unequal voltages are 
connected in parallel. 


The cell with the higher voltage, in this . 


95. Connecting Cells in Series-Parallel 


a. If both the voltage and current requirements 
are higher than the rated voltage and current of 
a single cell, it is necessary to use two or more cells 
connected in a series-parallel combination. To 
obtain the higher voltage, a number of cells are 
connected in series, and to get the higher current 
capacity, a number ot such series-connected 
eroups must be connected in parallel. 

b. Figure 78 illustrates the external connections 
for four 45-volt batteries arranged to furnish an 
emf of 90 volts; figure 78 also shows the schematic 
diagram of such an arrangement. This combina- 


tion is a series-parallel circuit, with two 45-volt 
batteries in series to furnish 90 volts, and an 
additional series-connected group or bank of two 
45-volt batteries connected in parallel to furnish 
increased current capacity. 


TL 97973 


Figure 78. Series-parallel connection. 


c. If the current drain from this battery is 100 
milliamperes, each series-connected group or bank 
of cells furnishes 50 ma. Also, since the same 
current flows through all the cells in a series- 
connected group, 50 ma flows through each cell. 
The current drawn from this battery is therefore 
twice the current drawn from any individual cell. 

d. To further increase the battery voltage, it 
is necessary to increase the number of cells in each 
bank To further increase the ampere-hour 
capacity of the battery, it is necessary to connect 
additional banks in parallel. 

e. For cells connected in series-parallel, the fol- 
lowing rules apply: . 

(1) The voltage of the combination is equal 
to the sum of the voltages of one series- 
connected bank. 
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(2) The current in the external circuit is 
supplied equally by each parallel bank. 

(3) The ampere-hour capacity is equal to the 
ampere-hour capacity of one cell multi- 
plied by the number of parallel banks. 


96. Classification of Dry Batteries in Ac- 
cordance with Use 


Dry batteries are classified in accordance with 
use as follows: “A” batteries, ‘“‘B”’ batteries, ‘“C”’ 
batteries, and pack batteries 

a. “A”’ batteries (fig. 79) supply high currents 
at low voltages, and are used in flashlights, in 
vacuum-tube filament circuits, and in the trans- 
mission circuits of local battery telephone systems. 

b. “B” batteries (fig. 80) supply small currents 
at high voltages, and are used to supply plate and 


BA—225/U 
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BA-207/U 
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Figure 80. Typical “B” batteries. 


screen voltages to vacuum tubes used in radio 
and radar equipment. An example of a “B” 
battery is the 22%-volt Battery BA-2 which con- 
sists of 15 series-connected 1%-volt cells. 

c. “C”’ batteries (fig. 81) are used to supply 
minute currents at medium voltages, and are used 
to furnish bias voltage in grid circuits of vacuum 
tubes. 

d. A pack battery (fig. 82) consists of different 
types of batteries in one container, such as an 
“A” and “B” battery. 


97. Summary 


a. Chemicals can be used to furnish a source 
of emf. 
b. The difference between the open-and closed- 


BA-226/U 


Figure 79. Typical ‘‘A”’ batteries. 


Figure 82. Typical pack batteries. 


circuit voltage of a cell is due to the JR drop 
across internal resistance of the cell. 

c. The open-circuit or nominal voltage of a 
cell is dependent on its chemical make-up. 

d. The ampere-hour capacity“is dependent on 
the size of the electrodes. 

é. Batteries wear out in storage due to local 
action. Store dry batteries in a cool dry place 
to decrease local action, but allow them to return 
to normal temperature before use. 

f. Remove dry batteries from equipment when 
equipment is stored. 

g. Red wire indicates the positive terminal. 


h. Dry cells are rated in ampere-hours at a 
specified rate of current flow. 


i. Batteries should be tested under load. 
7. For cells connected in series: 


(1) The voltage of the battery is the sum of 
the voltages of the individual cells. 

(2) The total internal resistance is the sum of 
the internal resistances of the individual 
cells. 


(3) The same current flows through each cell. 
(4) The ampere-hour capacity is the same as 
the ampere-hour capacity of one cell. 
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k. For cells connected in parallel: 

(1) The voltage of the battery is the same as 
the voltage of one cell. 

(2) The internal resistance is the internal 
resistance of one cell divided by the 
number of cells. 

(3) The total current obtained from the 
battery is the sum of the equal currents 
drawn from each cell. 

(4) The ampere-hour capacity of the battery 
is slightly greater than the sum of the 
ampere-hour capacities of the individual 
cells. 

(5) When cells are improperly connected in 
parallel, they are quickly ruined. 

l. For cells connected in series-parallel. 

(1) The voltage of the battery is the sum of 
the voltages of the cells connected in 
series In one bank. 

(2) The internal resistance is the sum of the 
resistances of the cells in one bank 
divided by the number of banks. 

(3) The total current obtained from the 
battery is the sum of the equal currents 
drawn from each bank. 

(4) The ampere-hour capacity of the ee 
is equal to the ampere-hour capacity of 
one cell multiplied by the number of 
parallel banks. 

m. A batteries supply high’ currents at low 
voltages; B batteries supply small cur- 
rents at high voltages; C batteries supply 
very small currents at medium voltages; 
pack batteries consist of several types 
of batteries in one container. 


98. Review Questions 


a. Name the components of a simple voltaic cell. 

b. Is one of the electrodes of the primary cell 
consumed during discharge of the cell? 

c. What is the difference between a primary and 
secondary cell? 

d. What is local action? 

e. How is local action reduced? 

f. Will local action discharge an unused cell? 

g. Why does a cell have internal resistance? 

h. What is meant by the open-circuit voltage 
of a cell? 

7. What is meant by the closed-circuit voltage 
of a cell? 

yj. Why is the open-circuit voltage greater than 
the closed-circuit voltage? 
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k. What is meant by polarization? 


1. What effect does polarization have on the 
internal resistance of a cell? 


m. Why is manganese dioxide included in the 
LeClanche dry cell? 


n. Are all types of dry cells used by the Army 
ready for immediate service? Explain. 


o. Howispolarity indicated on primary batteries? 


p. Upon what does the voltage of a primary 
cell depend? 


gq. Upon what does the current furnishing 
ability of a dry cell depend? 


r. Why are dry batteries removed from equip- 
ment when not in use? 


s. Why should dry batteries be stored in a 
cool dry place? 


t. Why is the date of manufacture stamped on 
dry batteries? 


u. What is meant by the capacity of a cell? 
In what unit is the capacity expressed? 

v. Why should a battery be tested under load? 

w. How can the proper load current be deter- 
mined? 

xz. What is the open-circuit voltage across the. 
outside terminals of five cells of 1.5 volts each — 
connected in series? 

y. What is the open-circuit voltage across the 
outside terminals of five cells of 1.5 each con- 
nected in parallel? 

z. Will connecting cells in series increase the 
length of time that an individual cell will furnish 
a given discharge current? Explain. 

aa. Over a period of time does the voltage of a 
cell decrease as it discharges? 

ab. Is the internal resistance of a combination 
of cells greater when connected in series or when 
connected in parallel? 

ac. Show schematically: 

(1) 5 cells connected in series. 

(2) 4 cells in parallel. 

(3) A battery of 30 cells which are connected 
10 in series and have 3 banks in parallel. 

ad. A battery “of 24 cells, each cell having a 
resistance of .2 ohm and an emf of 1.5 volts, is 
connected 6 cells in series and 4 banks in parallel. 
What is the emf of the battery? What current 
will the battery drive through an external re- 
sistance of 1.97 ohms? What is the closed- 
circuit voltage? 

ae. What is the difference between “A,” “B,” 
“C,” and pack batteries? 


CHAPTER 8 
SECONDARY CELLS 


99. General 


a. Secondary cells, or storage batteries, as they 
are familiarly referred to, are well known to every- 
one because of their general use to provide elec- 
tricity for automobile lighting, ignition, and start- 
ing systems. Secondary cells supply the electric 
power for telephone central offices, emergency 
operation of radio equipment at sea, and for a 
wide variety of mobile equipment designed for 
military and civilian use. Portable electric light 
plants make use of secondary cells for automatic 
starting. 

b. The term storage battery is an unfortunate 
choice, since the battery does not store electricity. 
Chemical reactions take place when a direct cur- 
rent of proper polarity is passed through the bat- 
tery, which is known as charging. The substances 
thus formed react chemically to produce electricity 
when the battery is in use, and this is referred to 
as discharging. Therefore, electrical energy is 
transformed into chemical energy during charg- 
ing. When the battery is connected to a load, 
the chemical energy is reconverted to useful elec- 
trical energy. Therefore, it can be said that 
chemical energy can be stored, but electrical 
energy cannot be stored. 

c. The operation of the secondary cell, like the 
primary cell, is based on chemistry. However, 
there is one important difference: The secondary 
cell can be recharged, restoring it approximately 
to its original chemical condition and thus extend- 
ing its useful life. This is not true in the case of 
primary cells. We learned in chapter 7 that the 
negative electrode of the primary cell is consumed 
during use. Therefore, the dry cell destroys itself 
and must be replaced with a new cell, since it is 
not practical to replace its electrode and electro- 
lyte. One class of primary cells, the wet cell type, 
can be restored to usefulness by replacing the 
negative electrode and the electrolyte. However, 
this replacement of the elements of the cell ould 
not be confused with the recharging process. The 
chemistry of the charging and discharging of a 


secondary cell is explained in subsequent para- 
eraphs of this chapter. 

d. Two types of secondary cells are in universal 
use today: One is the lead-acid cell and the other 
is the Edison cell. The lead-acid battery is widely 
used by the military services. Consequently, the 
theory of operation and care of the lead-acid type 
is described in great detail and only general infor- 
mation covering the Edison cell is included. 


100. Chemical Action of Lead-acid Second- 
ary Cells 


a. The action of a lead-acid secondary cell or 
storage battery is similar to the action of a primary 
cell, since a chemical reaction between the two 
electrodes and the electrolyte provides electrical 
energy to an external circuit. A fundamental 
type of a lead-acid cell is shown in figure 83. 
When the cell is fully charged (A of fig. 83), the 
active material of the negative electrode of plate is 
made of gray metallic lead in finely divided form 
commonly called spongy lead (Pb) and the active 
material of the positive electrode is made of a 
chocolate-brown colored lead peroxide (PbO,). 
Lead peroxide is sometimes called lead dioxide. 
These materials are not hard enough to be made 
into plates that are mechanically rugged, therefore, 
frames or grids of a hard lead-antimony alloy are 
used, and the spongy lead and lead peroxide are 
pressed into the openings of the grids (fig. 85). 
The term actiwe material is used to refer only to the 
spongy lead and the lead peroxide. The electro- 
lyte is a dilute solution of sulphuric acid (H,SO,) 
and water (H,O). 

6. As shown in figure 83, the chemical actions 
that take place in the battery are as follows: 

(1) For a fully charged battery: 


(a) The negative plate is comin of 
spongy lead (Pb). 

(b) The positive plate is composed of lead 
peroxide (PbO.). 


19 


eee iia noel Se eg 
ee Sin oe Sa 


=== DECREASING === 


= => WAR — 
1 


DISCHARGING B 


GENERATOR 


“SULPHURIC ACID = 


——=—= MAXIMUM -—- 


INCREASING .== 


DISCHARGED Cc CHARGING D 
TM66I-76 
Figure 83. Chemical action of lead-acid cell. 


(c) The electrolyte is a dilute solution of (8) For a discharged battery: 
sulphuric acid (H2SOs;) in water (H.0). 

(2) For a discharging battery: 
(a) At the negative plate, the spongy lead 
(Pb) decreases and lead sulphate 


(a) The negative plate has changed to a 
minimum of spongy lead (Pb) and a 
maximum of lead sulphate (PbSQ,). 


(PbSO,) increases. (6) The positive plate has changed to a 
(b) At the positive plate, the lead perioxide minimum of lead peroxide (PbO.) and 
(PbO,) is decreasing and the lead a maximum of lead sulphate (PbSQ,). 
sulphate (PbSO,) is increasing. (c) The electrolyte has changed to a solu- 
(c) The sulphuric acid (H;SO,) in the tion of minimum $s sulphuric acid 
electrolyte is decreasing and the water (H.SO,) and a maximum of water 


(H.O) is increasing. (H,0). 


(4) During charging of a battery: 

(a) +terminal of the battery is connected 
to the + terminal of the battery charger 
and the — terminal of the battery 
to the — terminal of the charger. 

(b) The negative plate is changing back to 
spongy lead (Pb) and the lead sulphate 
(PbSO,) is decreasing. 

(c) The positive plate is changing back to 
lead peroxide (PbO,) and the lead 
sulphate (PbSO,) is decreasing. 


Pbo + PbO, 


Refer to appendix II for a complete discussion of 
the chemistry of a lead-acid cell. 


101. Construction of Lead-Acid Storage 
Batteries 
a. The simplified cell shown in figure 83 is of 


little practical value because its capacity or flow 
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(dq) The percentage of sulphuric acid 
(H,SO,) in the electrolyte is increasing 
and the percentage of water (HO) is 
decreasing. 

(5) Hydrogen and oxygen gases, when com- 
bined, form an explosive mixture which 
can be ignited by a spark. , 
(6) Distilled water must be added during 
charging to replace the water lost. 
c. The chemical formula for the reactions that 
take place in a lead-acid battery is: 


discharge 


<— 


charge 


2PbSO, + H,O 


(lead sulphate) - (water) 


of current is too small. To get large capacity, 
the electrodes or plates must have a large area of 
active material. In commercial batteries (fig. 
84) this is accomplished by connecting several 
negative plates in parallel and sandwiching the 
positive plates between the negative plates. A 
plate (fig. 85) consists of a thin rectangular grid 
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Figure 84. Cutaway view of single cell. 
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framework cast of a lead-antimony alloy. This 
grid is designed to give the plates mechanical 
strength and to provide a means for conducting 
electric current between the exterior terminals 
and the active material with which the spaces in the 
erid are filled. This active material is composed 
chiefly of oxides of lead when it is originally applied 
in paste form. When this paste has dried, the 
plates are given a forming charge to make them 
either positive or negative. The positive plate is 
made by a forming charge that causes the active 
material to become lead peroxide (PbO,). It is 
very porous to permit the electrolyte to penetrate 
the plate freely. The negative plate is made by a 
forming charge that makes the plate spongy lead, 
and it is also porous so the electrolyte can pene- 
trate it freely. 


TM 661—308 


Figure 85. Plate showing grid framework. 


b. If positive and negative plates touch, the 
battery will be short-circuited. To prevent this, 
thin sheets of nonconducting porous material 
called separators are inserted between the plates. 
The separators must be porous to permit the 
chemical action of the battery. Ordinarily, sepa- 
rators are made of wood, rubber, or fibrous glass. 
They are smooth on the side next to the negative 
plate and grooved vertically to allow the escape 
of the oxygen gas that is formed and to permit 
loosened active material to fall to the bottom on 
the side next to the positive plate. Wooden 
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“and mechanical shock. 


separators usually are made of cedar. This wood 
is chemically treated to make it more porous and 
to remove certain resins that would injure the 
battery. When batteries are designed to with- 
stand excessive vibration, a mat of spun glass or a 
thin sheet of perforated rubber is placed between 
the separator and the positive plate. This helps 
hold the active material in the plate. 

c. Each plate has a lug on one top corner. ~The 
positive plates are arranged with all their lugs on 
one side of the cell and the negative plates are 
arranged with all their lugs on the opposite side of 
the cell. Plates are combined into positive and 
negative groups by welding these lugs into slots 
in a plate strap, which is made of lead. The nega- 
tive group usually has one more plate than the 
positive group. The plate strap has a cylindrical 
terminal post that forms one outside connection 
for the cell. 

d. The positive and negative groups are as- 
sembled to form an element. Usually, each posi- 
tive plate has a negative plate on either side of it. 
There may be an odd number of plates in an ele- 
ment, and they may be of any desired size. When 
separators are placed between the plates of an 
element and the whole assembly is immersed in 
electrolyte, it becomes a cell. The open-circuit 
voltage of a charged cell is always about 2.1 volts 
regardless of the size of the element. However, 
the total area of the plates in a cell determines th 
capacity of the cell. ; 

e. The cells of a battery are contained in a single 
molded receptacle divided into compartments. 
Each compartment is the container for one cell. 
The container is made of hard rubber, wood, glass, 
or composition material that is resistant to acid 
In batteries that are not 
top supported, the bottom of each cell compart- 
ment usually has molded narrow rests or ribs 
which support the element. Each plate has pro- 
jections or stub feet that fit in these rests. In 
batteries having element rests, the area between 
serves as sediment space. During the normal life 
of the battery, the positive plates gradually shed 
the active material which then falls down through 
the grooves of the separators and collects in the 
sediment space between the elements rests. 

J. The top of each cell is fitted with a cell cover, 
molded trom hard rubber or acid-resistant compo- 
sition. The terminal posts from the positive and 
negative groups extend through openings in the 
cover. <A third opening is fitted with a vent plug. 
This plug is removed to inspect the electrolyte 


level of the cell or to add distilled water. When 
the plug is closed, a small hole in its center permits 
the escape of gases formed in the cell. The space 
between the edges of the cell covers and the con- 
tainer is sealed with an acid-resistant battery 
sealing compound. The cells ina battery are per- 
manently connected together in series (sometimes 
in parallel) by connector straps. These straps, 
which are made of a lead-antimony alloy, fit over 
the terminal posts of adjacent cells and are welded 
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tilled water. The electrolyte of a fully charged 
battery usually contains about 38 percent sul- 
phuric acid by weight or about 27 percent by 
volume. New batteries usually arrive from the 
manufacturer filled with electrolyte and only re- 
quire proper charging. However, sometimes bat- 
teries are shipped dry and must be filled with 
electrolyte having the recommended specific 
eravity. A more detailed study of what specific 
gravity means and how it is employed to test 
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Figure 86. Cutaway of a 6-volt, 3-cell battery. 


in place. The elements are so arranged that the 
negative terminal of one cell is next to the positive 
terminal of the next cell. The terminal posts may 
be marked + or —, or the positive terminal alone 
may be marked with a + or with red paint. The 
positive terminal is slightly larger than the nega- 
tive terminal to lessen the possibility of connecting 
the battery in reverse. A sectional view of a 
typical 6-volt, 3-cell battery is shown in figure 86. 


102. The Electrolyte 


The electrolyte used in a lead-acid secondary 
cell is a dilute solution of sulphuric acid and dis- 


batteries will be taken up later. New batteries 
may come with acid of specific gravity of 1.835 or 
electrolyte of 1.400 specific gravity. In these 
cases it will be necessary to dilute the acid with 
distilled water. The container used to dilute the 
acid should be made of glass, earthenware, or lead. 

Caution: Never pour water into acid. Always 
pour acid into water. If water is added to sul- 
phurie acid, it will splatter and may cause severe 
acid burns. Pour the acid slowly into the water, 
stirring gently with a clean wooden paddle. It is 
wise to wear goggles, a rubber apron, and rubber 
gloves to protect the body and clothing. 
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103. The Rating of Secondary Cells 


a. A battery for a particular application must 
have the correct voltage and must be able to 
furnish sufficient current for a long enough time. 
Let us now consider what is meant by battery 
voltage, battery current, and ampere-hour rating. 

b. Voltage can be described in various ways. 
It is said to be a potential difference. This means 
that the chemical action of the battery produces a 
rise in potential from the negative plate to the 
positive plate. This is because electrons move 
from points of lower potential to points of higher 
potential. This potential difference is an emf that 
forces electrons to flow from the negative to the 
positive plate, when an external load is connected 
between the plates. The emf or voltage causes an 
electric current to flow through the load and do 
work. The open-circuit voltage (voltage when not 
discharging) of a fully charged cell is about 2.1 
volts. .This is true regardless of the size of the 
cell. The normal voltage of a discharged cell is 
1.75 volts. When supplying a moderate current 
to an external load, the voltage drops to 2.0 volts. 
This is due to the internal resistance of the cell. 
When additional voltage is required, more cells 
are connected in series. <A 6-volt battery has 
three cells connected in series, and a 12-volt bat- 
tery has six cells connected in series. Therefore, 
the voltage of a battery depends on the number of 
cells, and is independent of the size of the cells. 


c. The current that a battery will deliver de- 
pends on the total area of the plates comprising 
a cell, the internal resistance of the cell and con- 
nections, and the rate at which the chemical re- 
action takes place. This means that the number 
of plates which are connected in parallel, and 
their condition, determine the current capacity of 
a cell. A cell that has become sulphated or has 
lost some of its active material due to shedding 
will deliver less current. A battery which has 
corroded connections will have more resistance 
and, consequently, will have less current capacity. 
Finally, the speed of the chemical reaction within 
a cell depends, to a great extent, on the strength 
of the electrolyte. This fact indicates that a 
fully charged battery will deliver more current 
than a discharged battery. 

d. Battery capacity is a current-time rating 
and is measured in ampere-hours. This capacity 
is determined by multiplying the amperes of 
current the battery will deliver by the number of 
hours the battery will deliver it. Thus, a battery 
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capable of delivering 5 amperes of current for 20 
hours has a rating of 100 ampere-hours. This 
means we can expect to draw 5 amperes of current 
for 20 hours before the battery reaches its normal 
discharge condition (1.75 volts). Also, the same 
battery will deliver 2.5 amperes for 40 hours. 
The ampere-hour rating is normally based on a 
20-hour discharge rate at 80° F. In general, the 
ampere-hour rating depends upon the total plate 
area multiplied by the number of cells in parallel. 
If a battery is discharged at a current higher than 
its 20-hour rate, its ampere-hour capacity will be 
much less than its rated ampere-hours; if dis- 
charged at a lower rate, it may deliver consider- 
ably more than its rated ampere-hours. Thus, a 
battery will deliver more ampere-hours at a long, 
low, or intermittent rate of discharge than at a 
short, high, or contmuous rate. The ampere-hour 
rating divided by 20 is the normal rate of dis- 
charge for the battery. Temperature also affects 
the ampere-hour capacity. There are other 
battery ratings and the manufacturers specifica- 
tions should be consulted for this information. 
Also, further battery ratings are given in TM 
9-2857. 


104. Charging of Lead-Acid Batteries 


a. During the life of a battery, some device 
must be used to keep the battery in a charged 
condition. In the case of automobiles, a gener- 
ator that is attached to the engine supplies electric 
current to the battery when the engine is running. 
However, in other applications, the electric cur- 
rent taken out must be replaced by recharging. 
It is necessary to place more energy in the battery 
on charge than is taken out on discharge. This 
is because batteries are not 100-percent efficient. 
It is desirable to keep batteries as nearly fully 
charged as possible. When a battery becomes 
discharged, it must be recharged immediately or 
permanent damage may result. 

b. Only direct current can be used to charge a 
storage battery. If only alternatimg current is 
available, it must be converted to direct current 
by means of a rectifier or motor generator. 
Methods of charging can be divided into two 
broad classifications: constant-current charging 
and constant-voltage charging. 

c. The constant-current method is used _ to 
charge single batteries or a number of batteries in 
series. <A circuit for charging a battery is shown 
in figure 87. A d-c generator whose emf is greater 


than the battery is used. The positive terminal 
of the charging source is connected to the positive 
terminal of the battery and the negative terminal 
of the generator is connected to the negative ter- 
minal of the battery. The rheostat and ammeter 
are included to adjust and observe the charging 
rate. The rheostat is adjusted to supply a volt- 
age slightly more than the internal voltage of the 
battery with a charging current of from 5 to 10 
amperes. As the voltage of the battery rises, the 
rheostat is set to an increased voltage to keep the 
charge of current constant. This is aslow method, 
requiring from 20 to 30 hours. If properly 
watched, this method has the advantage of not 
overheating the battery, thus reducing the danger 
of buckling the plates. 
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Figure 87. Constant-current charging circutt. 


d. The constant-voltage type of charger con- 
sists of a motor generator or rectifier that provides 
a constant voltage which is slightly higher than 

‘the voltage of the battery. When more than one 
battery is to be charged, the batteries are con- 
nected in parallel. Figure 88 shows constant- 
voltage charging. When the battery is in a dis- 
charged condition, the source supplies a very 
high amperage, frequently as high as 30 to 50 


amperes. As the battery becomes charged and 
its voltage increases, the amperage from the 
charger reduces. This is called the taper-charge 
method. This type of charging is relatively fast, 
taking 6 to 8 hours. One drawback to this method 
is that it may cause overheating and buckling of 
plates, if used on a completely discharged battery. 

e. Two specialized types of charging are high- 
rate charging and trickle charging. 

(1) A high-rate charger delivers an extremely 
high current (100 amperes or more) for 
a very short time and then drops to a 
normal value. During charging, the 
maxtmum battery temperature is 125° F. 
instead of 110° F. which is common to 
all other types of charging. This method 
is capable of destroying a battery if not 
controlled correctly and is not used at 
present by the Signal Corps. 

(2) Trickle charging is the continous appli- 
cation of low-charging current and is 
usually a constant-voltage method. This 
maintains the electrolyte at maximum 
specific gravity and the batteries remain 
at full charge for long periods of time. 
This type of charging is generally used 
for stationary batteries. 

f. It is important to remember that charging 
rates are specified by manufacturers. These 
rates should always be followed to avoid over- 
charging or charging at too high a rate. Either 
condition will result in the shedding of the active 
material of the plates, thus reducing the capacity 
of the battery and shortening its life. Violent 
gassing indicates that the charging rate is too high. 
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Figure 88. Constant-voltage charging circutt. 
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105. Testing of Lead-Acid Batteries 


a. Previously in this chapter, it was learned that 
the amount of sulphuric acid decreases and the 
amount of water increases as the battery dis- 
charges (par. 100b). Also, the reverse is true as 
the battery charges. This means that the 
strength or concentration of acid in theelectrolyte 
indicates the amount of charge in the battery. 
The specific gravity of the electrolyte is a measure 
of the amount of sulphuric acid in solution. 
Specific gravity is defined as the ratio of the 
weight of a given volume of any liquid to the 
weight of a given volume of water. Pure sulphuric 
acid has a specific gravity of 1.835 and the specific 
gravity of water is 1.000. Therefore, any solution 
of sulphuric acid and water will have a specific 
gravity greater than 1.000. A normal fully 
charged battery has a specific gravity of 1.270 to 
1.300. Usually the decimal point is ignored and 
it is customary to say that a fully charged battery 
has a specific gravity of approximately 1280. 

b. To test the charge of a lead-acid battery, we 
measure its specific gravity. A convenient instru- 
ment for making rapid measurements of specific 
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Figure 89. Hydrometer syringe assembly. 


86 


gravity is the hydrometer (fig. 89). The hydrom- 
eter works on the principle discovered by Archi- 
medes, that a floating body will sink deeper into a 
light liquid (one of low specific gravity) than into 
a heavy liquid. The hydrometer consists of a 
glass syringe containing a glass hydrometer float. 
The float is a long-necked bottle, weighted in the 
lower end, and having a long thin neck with gradu- 
ations from 1100° to 1300°. The thin neck also 
carries the legends GOOD, FAIR, POOR, and 
DEAD with a zoning color scheme. The battery 
electrolyte is sucked up by the syringe until the 
glass float is free to float. The depth to which 
this float sinks is an indication of the specific 
gravity of the electrolyte. The electrolyte of a 
discharged battery is lighter than the electrolyte 
of a fully charged battery. The float will sink 
deeper in the case of a discharged battery. It is 
said to have lower specific gravity and the gradu- 
ations on the float will indicate that fact. <A fully 
charged lead-acid battery of the portable type 
should have a specific gravity of 1270 to 1300. 
A completely discharged cell has a specific gravity 
of 1150 to 1210. These figures are for a normal 
range of temperatures. 

c. Care should be exercised in using the syringe 
hydrometer. The electrolyte should be drawn in 
slowly to prevent breakage of the float against the 
top of the syringe; similarly, the electrolyte should 
be expelled gradually to avoid breaking the float 
against the bottom of the syringe. The hydrom- 
eter must be held in a vertical position with just 
enough electrolyte drawn in so that the float 
moves freely. The float must not touch the sides 
or bottom of the syringe when readings are taken. 

d. The specific gravity of the electrolyte is af- 
fected by its temperature, decreasing at high tem- 
peratures and increasing at low temperatures. To 
correct hydrometer readings for temperature, add 
4 points to the reading for every 10° above 80° F. 
and subtract 4 points for every 10° below 80° F. 
A correction chart is shown in figure 90. To use 
this chart, add or subtract the figure opposite the 
temperature reading to or from the specific 
gravity reading. For example, a hydrometer 
reading of 1280 at 40° F. should be 1280 minus 
16, or 1264; a reading of 1210 at 110° F. should be 
1210 plus 12, or 1222. If a battery is to be oper- 
ated at temperatures as low as —65° F., the 
specific gravity of the electrolyte should be in- 
creased according to specific instructions for the 
particular battery. 
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Figure 90. Hydrometer correction chart. 


e. All storage cells do not have the same maxi- 
mum and minimum specific gravity. For example, 
the open type of stationary storage battery used 
in common battery telephone applications, has a 
maximum specific gravity of 1210 and a minimum 
specific gravity of 1170. The manufacturer of a 
battery furnishes instructions with each battery 
and these instructions should be followed in bat- 
tery maintenance. Also, the maximum specific 
gravity of the electrolyte is increased when used 
in cold climates, and conversely, decreased when 
used in hot climates. For more detailed informa- 
tion on this subject, see TM 9—2857. 


106. Care of Lead-Acid Batteries 


a. Batteries, like any other piece of equipment, 
need intelligent care. To one who has a thorough 
understanding of how a lead-acid battery works, 
care and maintenance procedures should have more 
meaning. If these procedures are followed faith- 
fully, reliable and long-life service of the battery 
will result. 


b. One of the important things to remember is 
that a battery should never be allowed to remain 
in a discharged condition for any appreciable time. 
If allowed to remain in a discharged condition, the 
lead sulphate will grow into a hard, white crystal- 
line formation. This is known as _ sulphation. 
This condition closes the pores in the active ma- 
terial and destroys the plates. 

c. The electrolyte should be maintamed at its 
proper level, which is *% inch above the top of the 
plates. Failure to do so, leaves the plates exposed 
to air and causes rapid sulphation. Regular check- 
ing of the electrolyte level is a “must” and, if low, 
should be filled with distilled water. 

d. The reason that a sulphated battery may be 
damaged beyond repair is that, when placed on 
charge, some of the lead sulphate, instead of 
changing back to spongy lead or lead peroxide, 
is dislodged from the plates in small particles and 
drops to the bottom as a sediment. This material 
is lost forever for active use. We would like to 
point out that in normal operation all cells shed 
a small amount of active material. This is the 
reason they wear out. However, tbis process is 
quickened in the case of a sulphated cell, and it 
should be obvious that the life of the battery is 
greatly reduced. 

e. Frequently, a greenish deposit of copper salts 
forms on terminals and connectors. This corrosion 
may be caused by spilled electrolyte or seepage 
through the terminal post seals. It should be 
scraped off with a dull knife or removed with a 
stiff brush. The corroded area should be washed 
with ammonia and water or baking soda and water 
to neutralize any remaining electrolyte. These 
areas should be coated with a thin film of grease 
or rust preventive compound to prevent corrosion. 

f. The freezing point of the electrolyte depends 
on its specific gravity. As the specific gravity 
drops, the freezing point rises. Ifa battery freezes, 
the active material is forced from the plates, and 
if extensive the plates will buckle and the separa- 
tors will break. Therefore, for cold weather opera- 
tion, the battery should be kept as near to full 
charge as possible. 

g. Never add electrolyte or sulphuric acid to a 
storage battery unless it is known that electroltye 
has been spilled. In this case, replace the electro- 
lyte that has been spilled. Merely adding electro- 
lyte, although it raises the specific gravity, does 
not recharge a battery, because only a direct 
current will chemically change the lead sulphate. 
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107. The Edison Storage Battery 


a. The Edison storage cell or nickel-iron-alka- 
line battery is not so widely used as the lead-acid 
storage cell, but it will be found useful to know 
some general facts about it. This is one of the 
many developments of Thomas A. Edison, whose 
name is associated with the battery. 

b. The positive plate consists of rows of nickel- 
coated tubes filled with alternate layers of nickel 
hydroxide and very thin flakes of pure nickel. 
The negative plate consists of a grid of cold-rolled 
nickeled steel having a number of rectangular 
pockets, which are filled witb an iron oxide. The 
separators, which are used to separate the plates, 
are made of hard rubber. The electrolyte is a 21- 


percent solution of potassium hydroxide in dis- 
tilled water to which is added a small amount of 
lithium hydrate. The electrolyte has a specific 
gravity of approximately 1.200 at 60° F and does 
not vary appreciably during the charge and dis- 
charge cycles. The container is made of nickeled 
sheet steel. 


c. The active material of the positive plate is 
an oxide of nickel and that of the negative plate 
is pure iron. On discharge, the pure iron of the 
negative plate is oxidized and the nickel dioxide — 
of the positive plate is changed to nickel oxide. 
On charge, the reverse action takes place. The 
chemical equation for the reaction of the Edison 
cell is— 


uisebatse 
sKOH+ 6NiOs-+ 3Fe charge Fest 2NisOr+ sKOH 
Potassium Nickel Pure Tron Nickel Potassium 
hydroxide dioxide iron oxide oxide hydroxide 
(electrolyte) (positive (negative (negative (positive (electrolyte) 
plate) plate) plate) plate) 


d. As in the case of the lead-acid cell, charging 
requires direct current. If by accident, should the 
Edison cell be charged in the wrong direction, no 
permanent damage will result, as long as the 
temperature does not rise above 115° F. The state 
of charge cannot be determined with a hydrometer, 
since the density of the electrolyte does not 
change between the charge and discharge cycles. 
Testing the condition of the battery is done by 
taking the full-load voltage. The voltage per 
cell of a fully charged Edison battery is 1.37 volts. 
The voltage of a discharged cell is 1 volt. 

e. Even though Edison batteries are lighter in 
weight, require less attention, and have a longer 
life (from 15 to 20 years) than lead-acid batteries, 
their use is limited because of their higher initial 
cost and their reduced efficiency at low tempera- 
tures. Their primary use is for portable lighting 
units and some marine installations. They are 
not used by the Signal Corps. | 


108. Summary 


a. When a storage battery furnishes current, it 
is said to be discharging; when it receives current, 
its plates and electrolyte are restored electro- 
chemically and it is said to be charging. 

b. The open-circuit voltage of the lead-acid 
cell is about 2.1 volts. The closed-circuit voltage 
is about 2 volts, depending on the feat and state 
of charge. 
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c. The term active material refers to the spongy 
lead and lead peroxide which are pressed into the 
grids of the plates. 

d. Specific gravity is the ratio of the weight of a 
given volume of liquid to the weight of the same 
volume of water. 

e. When a lead-acid storage battery discharges, 
the active material of the positive and negative 
plates is converted to lead sulphate and the specific 
gravity of the electrolyte decreases. 

f. When a lead-acid storage battery charges, 
the lead sulphate on both the plates is converted 
back into active material, the specific gravity of 
the electrolyte increases, and the water content 
of the electrolyte is decreased. 

g. The capacity rating for storage batteries is 
usually based on a steady 20-hour discharge. <A 
100 ampere-hour lead-acid battery will furnish 5 
amperes for 20 hours. 

h. The normal rate of discharge is the ampere- 
hour rating divided by 20. 

1. Hydrometers are used to measure the specific 
gravity of the electrolyte of a lead-acid battery 
which is an excellent indication of the state of 
charge of the battery. 

4. The specific gravity of the electrolyte in a 
fully charged cell portable battery should usually 
be between 1.270 and 1.300 at 80° F. A dis- 
charged battery has a specific gravity of 1.150 to 
1.210. Batteries having a specific gravity of 


1.175 or less should not be further discharged and 
should be immediately recharged. 

k. For use in low temperatures, the specific 
gravity of a fully charged battery should be 
1.350, and the specific gravity of a discharged 
battery should not be permitted to fall below 1.250, 
as corrected to 80° F. 

l. Batteries are kept in the best condition by 
constant use. 

m. Use only distilled water to replace the 
water which has evaporated from a cell. 

n. Never pour water into acid; instead, acid 
should be poured slowly into the water. 

o. The mixture of hydrogen and oxygen gas 
given off by a storage battery on charge, is highly 
inflammable. 

p. Sulphation, which reduces the ampere-hour 
capacity of a lead-acid battery, results from allow- 
ing the cell to remain discharged, from habitual 
undercharging, from the use of too dense an electro- 
lyte, or from low level of electrolyte. 

q. Use a solution of ammonia water or bicar- 
bonate of soda to neutralize any spilled sulphuric 
acid electrolyte. 

r. In an Edison battery, the active material of 
the positive plate is an oxide of nickel and the 
active material of the negative plate is iron. 

s. The electrolyte of an Edison battery is a 
21-percent solution of potassium hydroxide to 
which has been added a small amount of lithium 
hydrate. The specific gravity does not change 
during charge and discharge. 

t. A hydrometer cannot be used to test the 
charge of an Edison battery. Instead, a voltage 
reading must be taken. 


109. Review Questions 


a. What is the essential difference between a 
dry cell and a lead-acid battery? 

b. What name is given to the liquid in a lead- 
acid storage battery? What does it consist of? 

c. Of what material are the positive plates of a 
lead-acid battery composed? The negative plates? 

d. What is meant by active material? 

e. Does the storage battery store electricity? 

f. What chemical compound is formed on the 
plates of a lead-acid cell during discharge? 


g. What gases are liberated during charge of a 
lead-acid battery? 

h. What are the grids of a battery and why are 
they used? 

i. What does a hydrometer measure? 

jy. Why is the specific gravity of the electrolyte 
an indication of the state of charge of a lead-acid 
cell? 

k, Adding sulphuric acid to a discharged storage 
cell increases the specific gravity of its electrolyte. 
Does this action recharge the cell? Explain. 

1. How are hydrometer readings corrected for 
temperature? 

m. Using the chart in figure 90, what is the 
corrected reading for a specific gravity of 1.290 
taken at 10° below zero? At 110° above zero? 
Is the correction large for only small changes in 
temperature? 

n. What is the approximate specific gravity 
of a fully charged lead-acid storage battery of the 
portable type? Of a fully discharged battery? 

ec. Is the specific gravity of all types of fully 
charged lead-acid batteries the same? 

p. What effect does raising the discharge rate 
have upon the capacity of a lead-acid battery? 

q. Why does an excessive rate of charge or 
discharge injure the cell of a lead-acid battery? 

r. What objection is there to the gases given 
off by the storage battery when charging? 

s. What is added to a lead-acid battery to. 
replace the part of the electrolyte that evaporates? 

t. What is the proper level for the electrolyte 
of a lead-acid battery. 

u. What is meant by sulphation? 

v. What are some of the causes of sulphation? 

w. What results from the freezing of a lead- 
acid battery? 

a. What is the relation of the specific gravity 
of the electrolyte used in lead-acid batteries to its 
freezing point? 

y. Why is it that a hydrometer cannot be used 
to test Edison batteries? 

z. What is the electrolyte of an Edison cell 
composed of? 

aa. What is the active material of the negative 
plate of an Edison battery? 
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CHAPTER 9 
CIRCUITS 


110. General 


An electric circuit is a path, or group of inter- 
connected paths, capable of carrying electric 
currents. In this chapter, three basic types of 
circuits are considered; the series circuit, the par- 
allel circuit, and the series-parallel circuit. 
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Figure 91. Schematic and equivalent diagrams. 


111. The Series Circuit 


A series circuit is a circuit supplying energy to 
a number of devices in series; that is, the same 
current passes through each device in completing its 
path to the source of supply. ; 

a. SIMPLE SERIES Circuit. Almost everyone 
is familiar with the string of Christmas tree lamps 
in which all of the lamps go out when any one of 
the lamps burns out. These lamps are connected 
in series as shown in A of figure 91. In completing 
its path to the source of supply, the current 
through lamp £, must also pass through the fila- 
ments of lamps L,, £3, and Ly. It is apparent 
that if the filament of any one lamp burns out 
(opens), the current path is no longer complete 
and the other lamps must also go out. 

b. SCHEMATIC AND EgquivaALENT DIAGRAMS. 
As drawn in A of figure 91, the lamps and supply 
(battery) are shown by symbols; that is, the cir- 
cuit parts are represented by symbols. To study 
the electrical action, it is convenient to draw an 
equivalent circuit which represents the electrical 
properties of the circuit parts. Thus, in B of 
figure 91, A of figure 91 is redrawn and the resist- 
ance of each lamp Jy, Lz, L3 ,and Ly, is represented 
by the symbol for resistance (R,, R., R3, and Ry, 
respectively). 

c. Concept oF VottTacr Drop. Consider the 
circuit of A of figure 92. With the switch SW 
open, voltmeter V, indicates 150 volts. This is 
the emf of the battery. From Ohm’s law, with 
an emf of 150 volts applied across R, and R, in 
series, we would expect that the current J would 
be— 


150 


I=emf/R—=— 59 


=1.5 amperes. 
4 


However, on closing switch SW, we find that 
ammeter J indicates a current of only 1 ampere, 
and the voltmeter reading drops from 150 to 100 
volts, a drop of 50 volts. Apparently everything 
is not included in the diagram of A of figure 92. 


We have, in fact, forgotten that the circuit current 
must flow through the battery, and the battery, 
or any supply source, offers resistance to the flow 
of current. Because it is the opposition to cur- 
rent from one terminal to the other within the 
source, the resistance of the source is called the 
internal resistance. In B of figure 92, this internal 
resistance Rg is shown in series with the source, 
because it has the same effect as an equivalent 
series resistor. 


(1) Internal voltage drop. Internal resistance 
is difficult to measure directly, but it can 
be calculated readily. On closing the 
switch SW, it is found that the voltage at 
the battery terminals (A—C) drops from 
150 to 100 volts. This means that the 
internal resistance of the battery con- 
sumes sufficient energy to account for 50 
volts of the emf. Ammeter J tells us that 
the current through the entire circuit, in- 
cluding the internal resistance, is one 
ampere. The difference in the voltmeter 
readings tells us that a potential differ- 
ence, or voltage, of 50 volts is required to 
produce this 1 ampere through the in- 
ternal resistance Rg of the battery. From 
Ohm’s law, the internal resistance Rg 
must be— 


Rg=E/I=50/1=50 ohms. 


(2) External voltage drops. Now that 50 volts 
of the emf has been accounted for, let us 
account for the remaining 100 volts. In 
the external circuit, R, equals R,. The 
voltage across R, will be, from Ohm’s 
law, 


EH=IR=1X<50=50 volts. 


And, since R, equals R2, the voltage across 
R, will also be 50 volts. On adding the 
calculated voltages we get— 


50+50+50=150 volts. 


However, the emf, or battery voltage 
with switch SW open, is 150 volts; 
therefore, we have now accounted for the 
entire emf. From this, we can define a 
voltage drop as the potential difference 
required to produce the current through 
the portion of a circuit under considera- 
tion. In the example given, a potential 
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Figure 92. Voltage drop across internal resistance. 


(3) Practical considerations. 


difference of 50 volts is required to pro- 
duce 1 ampere through the internal resist- 
ance Rg of the generator, a potential 
difference of 50 volts is required to pro- 
duce 1 ampere through R,, and a potential 
difference of 50 volts is required to pro- 
duce 1 ampere through R,. We can also 
state that the sum of the voltage drops is 
equal to the emf. 

The 50-ohm in- 
ternal resistance in the above example indi- 
cates that the battery is either very weak or 
is not designed to supply as high a current 
as 1ampere. In general, a suitable source 
must be chosen for the work to be done 
by the circuit. In power circuits that 
furnish electric energy to homes and 
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factories, the internal resistance of the 
source is usually a very small fraction of 
an ohm. In certain radio and telephone 
circuits, the internal resistance of the 
source may be relatively high. In cir- 
cuit design work the internal resistance 
must be considered. In most practical 
work, however, our interest lies primarily 
in circuit conditions with the circuit in 
operation. For example, referring again 
to figure 92B, it is not necessary to 
know the internal resistance in practical 
work. Suppose that only an ammeter is 
available, and we wish to know the volt- 
age across the battery terminals. With 
switch SW closed, the current is 1 ampere 
and the external resistance across ter- 
minals A—C is the sum of R,; and R,, or 100 
ohms. From Ohm’s law, the voltage 
required to produce 1 ampere through 100 
ohms is— 


E=IR=1X100=100 volts. 


Similarly, if only a voltmeter is available, 
the. current through the circuit can be 
determined from Ohm’s law, 


[=E/R=100/100=1 ampere. 


It is well to note here that the voltage of 
a source may be referred to in two ways: 
(a) Emf. Thisis the open-cirewt orno-load 
voltage. 
(b) Closed-circuit or load voltage. This is the 
source voltage with the load connected. 


In general, the closed-circuit voltage is 
meant unless otherwise specified. Through- 
out the remainder of this text, therefore, 
the unqualified terms source voltage, 
supply voltage, battery voltage, applied 
voltage, and generator voltage will mean 
the voltage with load connected to 
the source. 


112. Rise or Fall of Potential, Voltage Drops 


It is important to understand what is meant 
by a rise of voltage, a fall of voltage, and a voltage 
drop. In A of figure 93 the battery voltage, or 
potential difference between the battery terminals, 
is 200 volts, as indicated by voltmeter V,. By 
Ohm’s law, the current through resistor A—B is— 


I=E/R=200/100=2 amperes. 
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Also by Ohm’s law, the voltage across the resistor 
ideas 
E=IR=2  100=200 volta: 


This voltage is, of course, the same as the battery 
voltage, for it is assumed that the resistance of the 
connecting leads is negligible. 

a. Rist oF PorentiAL. The negative terminal 
of the battery (fig. 93) is bemg used as the refer- 
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Figure 98. Rise or fall of potential. 


ence or zero point for measuring the potentials 
of all other points in the circuit. Thus, point A 
is the point of highest potential (200 volts, posi- 
tive) with respect to the point of lowest potential 
(zero) at B. In B of figure 93, the 100-ohm 
resistor of A of figure 93 is replaced by four 25-ohm 
resistors R,, R2, R3 and R, which are connected 
between points, A—B, B-C, C-D, and D-E, re- 
spectively. Measurements with voltmeters (Vi, 
V2, V3, and V4) show that the potentials of 
E, D, C, B, and A (taken in this order) are 0, 50, 
100, 150, and 200 volts positive. This shows 
that there is an increase or rise of voltage from 
FE towards A. If the resistance is distributed 
uniformly along the length H—A, the voltage rise 
will also be uniform. This is indicated by the 
fact that the rise across each section in B of figure 
93 is 50 volts. 

b. Fatt on Drop oF PorentiAL. Suppose that 
in B of figure 93, the potential at A is first meas- 
ured and that the potential at B is then measured. 


Obviously, the potential at B is lower than the 
potential at A, and we say that there is a fall or 
drop of potential from A to B. Apparently, 
whether there is a potential rise or fall between 
two points depends entirely on our point of 
view. For example, in B of figure 93, it is equally 
correct to say that there is a voltage rise from 
B to A, or a voltage fall from A to B. 

c. Practical APPLICATION. In practical work, 
as previously mentioned, our interest usually is 
centered on voltages and currents in operating 
circuits. A voltmeter always indicates the poten- 
tial difference between the two points to which it 
is connected. Thus, if a voltmeter is successively 
connected across A-B, B-C, C-D, and D-E, it 
will, in each instance, show a potential difference of 
50 volts. The voltage across a portion of a cir- 
cuit is called the voltage drop across that portion of 
the circuit. Consider points D-E. The resistance 
between these points is 25 ohms and the current is 
2 amperes. From Ohm’s law, H/F and, in this 
instance, 

Een 2 2550 volts: 


Similarly considering points C—H, the resistance 
is 25 ohms (C-D) plus 25 ohms (D-£), or 50 
ohms, and the current is two amperes. 
Then, 

ee DU 100 volts. 


(1) Voltage drops are also called JR drops. 
mihe meeting of JR drop is apparent, 
when it is remembered that the voltage 
drop EF across a resistance is calculated 
from the Ohm’s law formula, 


Jihad Oe 


(2) In practical work the term voltage drop is 
usually used to indicate the potential 
difference required to produce the current 
through the two points being considered. 
As explained in paragraph 111, the sum 
of the voltage drops around the entire 
circuit is equal to the e. m. f. When the 
entire circuit is not considered, the sum 
of the voltage drops in the external cir- 
cuit will equal the potential difference 
between the terminals of the source 
with the external circuit connected. ‘Thus, 
in B of figure 93, 


Ep, Ep, Ep. oe Ep, =i eareere 


and, 50-+50+50+50=200 volts. 


113. Precautions in Handling Circuits 


Every electric circuit ts dangerous. Failure to 
observe this fundamental principle can be fatal. 

a. Points or NuaativE POTENTIALS ARE AS 
DanGceErous As Pornts or Posirive Porentia. 
Consider figure 94. In A the negative terminal is 
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Figure 94. Points of negative and positive potential are 
equally dangerous. 


connected to earth or, as it is more commonly 
called, grounded. Examination of the illustration 
shows clearly that the figure standing on the 
ground and with one hand on the positive ter- 
minal of the battery is connected directly across 
the battery. In B of figure 94, the positive 
terminal of the battery is connected to ground. 
This does not mean that it is safe to handle the 
negative terminal. Comparison of A and B of 
figure 94 shows that in both illustrations, the 
figure is connected directly across the battery. 
The negative terminal in B of figure 94 is just as 
hot as the positive terminal in A of figure 94. 
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The only difference is the direction of current 
through the figure, and current from head to toes 
can be just as fatal as current from toes to head. 
Current through the body is limited only by the 
resistance of the body. Under certain conditions 
the body resistance may be very low and a very 
low voltage may produce a fatal current. 

b. Grounp May Be Ar Any Pornt In THE 
Crrcuir. In the simple circuit of figure 95, the 


A 
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Figure 95. Ground may be at any point. 


junction of Rk; and R, is grounded. Arrowheads 
on the lead wires indicate the direction of current 
Assuming that R; equals R2, pomt A is 500 volts 
positive with respect to ground G; point B is 500 
volts negative with respect to point G. Although 
it is negative, point B is as dangerous as point A. 
Also note that, if a person standing on the ground 
places one hand on point A and the other hand 
is on point B, there is a potential difference of 
1,000 volts between his hands. Do not assume 
that a certain point is at ground potential. Keep 
one hand in your pocket to avoid the possibility 
of connecting yourself between two points be- 
tween which there is a potential difference. 

c. Precautions In Maxine Voitace Mras- 
UREMENTS. Detailed instructions for connect- 
ing meters into various circuits are given In man- 
uals covering test equipments. Most high volt- 
age and/or high power circuits include a master 
switch, or other circuit breaking device (fig. 96) 
for disconnecting the circuit from the source of 
supply. Always open this switch or device be- 
fore attempting to handle any circuit compo- 
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nents. Never attempt to work on a high-voltage 
generator while it is running. Also remember 
that a voltmeter is always connected between 
two points which are not at the same potential. 
In general, potential differences in excess of 300 
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Re 
GENERATOR OF Br Pes 


ELECTRICITY 


Figure 96. Open master switch to disconnect load sitrcuit 
from source. 


volts are considered to be extremely dangerous. 
Always obey the following rule when inserting 
or removing meters from such a circuit: When the 
approximate voltages are not known, always shut 
down the generator and/or open the master switch 
before attempting to connect or remove meters or 
any other components from the circuit. Be sure 
that the circuits are dead before you attempt to 
touch components. 


Note. Students should always obtain instructions be- 
fore attempting to make any circuit changes. 


114. Laws of Series Circuits 


a. Resistance. As shown in figure 93, a 100- 
ohm resistor can be replaced by four 25-ohm re- 
sistors in series. Similarly, a 10-ohm resistor and 
two 20-ohm resistors in series can be replaced by a 
single 50-ohm resistor. This illustrates a law for 
resistances in series: The total resistance is the sum 
of the individual resistances. In B of figure 93 
there are 4 resistances R,, R2, Rs, and A, in series. 
If Rr represents the total resistance from A to E, 
then 

Rr=Rh,+R.+A34+ Ry 


If RP; is the total resistance and £ is the applied 
(in this instance) battery voltage, the current J 
can be determined from Ohm’s law: 


E 


ae 


6b. Current. In figure 97, current flow is from 
the negative terminal of the battery through am- 
meter A, resistance R,, ammeter <A;, resistance 
R., ammeter As, resistance 3, ammeter A3, and 
through the battery from the positive to the neg- 
ative terminal. Obviously, there is but one path 
for the current and the same current must be in- 
dicated by ammeters A, A;, As, and A;. This 
illustrates a law for series circuits: In @ series cir- 
cuit the current is everywhere the same; or, the same 
current flows in each part of the circuit. Thus, in 
figure 97, 

if — ie Fay o=— 1: 


ce. Vottace. Energy is expended in the re- 
sistance of an electric circuit; that is, in a resist- 
ance electric energy is converted to heat energy. 
In figure 98, a 24-volt battery is connected to 


I =I,=Ie=l13 
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Figure 97. The same current flows through every part of a 
series circutt. 


three resistances in series; R; of 3 ohms, R, of 6 
ohms, and R; of 3 ohms. The voltage required 
to produce the current in each of these resistances 
is called the voltage drop (par. 111) across each 
resistor. These voltage drops may be measured 
by connecting a voltmeter across each resistor. 
The voltage drops may also be calculated from 
Ohm’s law. The total resistance Rr is the sum 
of the individual resistances, 


Rr=R,+R.+ R= i ohms. 
Ff is given as 24 volts, therefore, 


[=E/R7=24/12=2 amperes. 


By now applying Ohm’s law to each part of the 
circuit, 
B=f, x 1=3xX2=6 volts (across: R;) 
fn=R.Xl=6 X2=12 volts (across Rf.) 
E3;=R;X I[=3 X2=6 volts (across 3) 


On adding the mdividual drops, we find that their 
sum is equal to the battery voltage, 


E=E,4+ £,+£; 
H=6+12+6=24 volts. 


This illustrates a law for series circuits: In a series 
circuit the sum of the individual voltage drops is 
equal to the applied voltage. 

d. CONSUMPTION OF ENERGY. Students some- 
times get the impression that a voltage drop in- 
dicates that the voltage is produced by the cur- 
rent. Actually, the current is due to the potential 
difference across the resistance. Students also 
ask the following question: ‘‘I understand that 
the voltage produces the current through a re- 
sistor, but isn’t the voltage used up?”’ The ques- 
tion will not arise, if it is understood that voltage 
or potential difference is a measure of the amount 
of work required to move unit charge from one 
of the points to the other (ch. 3). Electric energy 
is consumed in a resistance; that is, electric en- 
ergy is converted to heat energy as current flows 
through a resistance. However, as long as the 
source produces electric energy as rapidly as it is 
consumed, the potential difference across the re- 
sistance will remain constant. Thus, in the bat- 
tery of figure 98, chemical energy is converted to 
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Figure 98. In a series circuit, Rr equals the sum of the 
individual resistances. 
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electric energy as rapidly as the electric energy is 
converted to heat energy in the resistances. Con- 
sequently, the potential difference or voltage drop 
across each resistor will remain constant until the 
battery runs down. 

e. LAws or Serres Circuits. The three,.laws 
of series circuits are summarized below and should 
be memorized: 

(1) In @ series circut, the total resistance is 
equal to the sum of the individual resist- 
ances. 

(2) Ina series circuit, the same current flows in 
all parts of the circuit. 

(8) In a series circuit, the sum of the voltage 
drops across the individual resistances is 
equal to the applied voltage. 


115. Simple Parallel Circuit 


a. In A of figure 99, there is but one path for 
current J;; therefore, R,; and the battery are in 
series. In B of figure 99, however, there are two 
parallel paths C-H-F-D and C-G-H-D. Cur- 
rent J; goes through path C-E-F-D and an 
additional current J, follows path C-G-H-D. The 
total current from the battery is +J,. This 
current divides at C, J; going through R, and J, 
going through R,. The two currents recombine 
at D, so that J,+ J; flows from D to A and through 
the battery from A to B. In practical circuits, 
any number of parallel paths or branches may be 
present and such paths form a parallel circuit. 

b. The mere fact that one circuit component is 
connected across another does not mean that the 
components are in parallel. For example, in A of 
figure 99 resistor R; 1s connected across the battery. 
However, &, and the battery are in series because 
the same current J; passes through each of them. 
In B of figure 99, R, is connected across Rk; and 
the combination is: connected across the battery. 


I, I+ I2 


Tr 


I, I, + I2 
SIMPLE SERIES SIMPLE, PARALLEL 
CIRCUIT A CIRCUIT 


TM 661-193 


Figure 99, Comparison of simple series and parallel circuits. 
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R, and R, are not in series with one another because 
different currents, J; and J, pass through them. 
This parallel combination is in series with the 
battery, because the same current, [,;+ 2, passes 
through the combination and the battery. In 
other words, to determine whether a circuit or 
part of a circuit is a parallel circuit or a series 
circuit, apply the definition (par. 111) of a series 
circuit. If the circuit meets the specification of 
this definition, it is a series circuit; if the circuit 
does not meet the required specifications, it is a 
parallel circuit. 


116. Series-Parallel Circuit 


Although many simple circuits can be classified 
as being either a series or a parallel circuit, more 
complicated circuits are usually combinations of 
series and parallel circuits. Thus, in figure 100, 


ded 


A 
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Figure 100. Simple series-parallel circuit. 


resistors A, and /, are in parallel with one another 
and this parallel combination is in series with R; 
and the battery. Probably the simplest way to 
learn to recognize series, parallel, and_ series- 
parallel circuits is to study the voltage and current 
distributions in various circuits. This is essen- 
tially a study of laws applicable to these circuits. 


117. Laws of Parallel Circuits 


The laws governing the distribution of current 
and voltage in parallel circuits will now be 
developed. 

a. Voutracr. A of figure 101 is the schematic 
diagram of a circuit in which the negative terminal 


6V 


+6 VOLTS 


E3 
6 VOLTS 


I3=3 AMPS 


O VOLTS 
1ST SG lia et a 
= EG ia Vd 
=8 AMPERES A 
I; =f, Ir =I, +I, 
B Cc 
PUAEALS eee D TM 661-260 


Figure 101. Voltage and current distribution in simple parallel circutt. 
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of a 6-volt battery is connected to point B, the 
positive terminal is connected to point A, and 
resistors f,, f., and R; are connected in parallel 
between points A and B. Since A and B are 
directly connected to the battery terminals, the 
potential difference between A and B is 6 volts. 
Each resistor is also connected between points 
A and B and the same voltage is applied to each 
resistor. Thus, voltmeters V;, V2, and V3 indi- 
cates the same voltage. This illustrates a law for 
voltages in a parallel circuit: In a parallel circuit, 
the same voltage is applied to each branch. Thus 
EL, E,, Ey, and EF; are the same voltage. 

6b. Current. If A of figure 101 is rearranged so 
that only A; is in the circuit (B of fig. 101), we have 
a simple series circuit consisting of the 6-volt 
battery and R,. From Ohm’s law the current J, 
through R, is — 


T= yh, 
and, /,=6/3=2 amperes: 
This current is indicated by ammeters A and Aj. 
When the 2-ohm resistor R, is placed in parallel 
with R, (C of fig. 101), the same voltage is applied 
to both resistors. (This assumes that the battery 


voltage remains constant at 6 volts.) The current 
I, through R, is— 


I,=E/R=6/2=3 amperes. 


This 3-ampere current is indicated on ammeter 
A;. The current IJ, from the battery is the sum 
of the two currents, J,+ 2, or— 


[,=2+3=5 amperes. 


When the 2-ohm resistor R; is connected in 
parallel with R,; and R,, as shown in D of figure 
101, the same 6 volts is applied to R;. The 
eurrent J; through R; is— 


I,=EH/R=6/2=3 amperes. 


This 3-ampere current is indicated by ammeter 
A;. The total current from the battery is thus 
increased by 3 amperes and now is— 


I,=L+Lh+h 
and, [,=2+3+3=8 amperes. 


This 8-ampere current is indicated on ammeter A. 
From these results, a rule for current in parallel 
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circuits may be stated: The total current in a 
parallel circuit is equal to the sum of the currents in 
the individual branches. 

Note that the current from the negative 
terminal of the battery divides to follow three 
paths from point B (A of fig. 101), recombines at 
point A, and returns to the positive terminal of 
the battery. The current that returns to the 
battery flows through the battery and it is exactly 
equal to the current that leaves the battery. The 
current through any branch may be computed 
from Ohm’s law, J=E/R, and depends on the 
amount of resistance in the branch. 

c. Resistance. The total or effective resistance 
of the circuit (A of fig. 101) may be computed 


from the Ohm’s law formula Rao Since the 


applied voltage FE is 6 volts and the total current 
I, is 8 amperes, 
yw ie 


and, R,=6/8=.75 ohm, 


where Ff, is the effective resistance of the three 
resistors f,, R,, and R; in parallel; I, is the total 
current from the battery. Note that the effective 
resistance of R,, R,, and R; is only .75 ohm, con- 
siderably less than the resistance of any one of the 
resistances. The rule for resistances in parallel 
may be stated as follows: The effective resistance 
of a parallel circuit may be determined by dividing 
the applied voltage by the total current; it is always 
less than the resistance of the lowest resistance in 
the circuit. 

d. LAws FoR PARALLEL Circuits. These laws 
are summarized below and should be memorized: 

(1) In a parallel circuit, the same voltage is 
applied to each branch. 

(2) In a parallel circuit, the total current is 
equal to the sum of the currents in the 
individual branches. 

(3) In a parallel circuit, the effective resistance 
is equal to the applied voltage divided by 
the total current; it is always less than the 
lowest resistance in the circuit. 


118. Combining Parallel Resistances 


As mentioned in paragraph 117, the Ohm’s law 
formula R=E/I is satisfactory for finding the 
effective resistance when the voltage EH and the 
total current J, are known. However, it is often 
necessary to determine FR when neither the voltage 
nor the current is known. 


a. The simplest parallel arrangement consists 
of equal resistances in parallel. To obtain the 
effective resistance of such a combination, it is 
only necessary to divide the resistance of one 
resistor by the number of resistances. Thus, in 
A of figure 102 two 10-ohm resistors are con- 
nected in parallel, and the effective resistance is 
10 divided by 2, or 5 ohms. With three 12-ohm 
resistors in parallel (B of fig. 102), the effective 
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Figure 102. Equal resistances in parallel. 


resistance is 12/3, or 4 ohms. With five 10-ohm 
resistors in parallel (C of fig. 102), the effective 
resistance is 10/5, or 2 ohms. This method for 
determining the effective resistance is called the 
like method because all the resistances must be 
equal. 

b. In figure 103, two unequal resistances, A of 
12 ohms and B of 4 ohms, are connected in parallel 
across a 24-volt battery. Obviously, the rule for 
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Figure 103. Product/sum method. 


like resistances cannot be applied. Since the 
same voltages is applied to each branch, the current 
through any branch is a function of the resistance 
in that branch. In this example, the current 
through resistor A is— 


I4=E/Rs=24/12=2 amperes. 
The current through resistor B is— 
Ip=E/R,=24/4=6 amperes. 
The total current J; is— 
I7p=1,+Ip=2+6=8 amperes. 
The effective resistance of the circuit can be 
determined from the Ohm’s law formula R =7. 
R,=E/I,=24/8=3 ohms. 


When the applied voltage is not known, assume 
any convenient voltage. For example: Assume 
that a voltage of 6 volts is applied to the parallel 
resistors A and B. The current through R, 
will be— 


1,=E/R,=6/12=.5 ampere. 
The current through Rg, will be— 
Izp=E/Rz=6/4=1.5 amperes. 


The total current J; will be— 
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The effective resistance can now be calculated— 
R=E/I7;=6/2=3 ohms. 


c. When only two parallel resistances are in- 
volved, another method, called the product over the 
sum (product/sum) method, may be the simplest to 
use. The rule for this method may be stated as 
follows: The effective resistance cf two resistances in 
parallel is equal to their product divided by their 
sum. Applying this rule to the circuit in figure 
103 
pL roduct _ 12X4, 48 

Sum 12+4 16 


=3 ohms. 


Notice that this result agrees with that obtained 
when an applied or an assumed voltage is divided 
by the total current (6 above). However, only 
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RECIPROCAL METHOD FOR COMBINING 
RESISTANCE IN THE ABOVE PROBLEM, 
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Figure 104. Product/sum and reciprocal methods. 


resistance values are used in this computation. 
(This method can, of course, be applied to two 
resistances of equal value.) 

d. The product/sum method may be used to 
solve problems involving more than two resist- 
ances in parallel. To do this, first determine the 
effective resistance of any two of the parallel 
resistors, then combine the result of this calcula- 
tion with any one of the remaining resistances. 
Continue the process of combining the calculated 
resistance with one of the remaining resistances 
until all of the resistances have been included in 
the calculations. For example, figure 104 shows 
a circuit with three unequal resistances connected 
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in parallel. The problem is to find the effective 
resistance. In other words, what is the resist- 
ance of a single resistor which offers the same 
opposition to current as the parallel combination? 
Apply the product/sum rule to resistors B and C 
and call the resultant resistance Rp, 


R Product) BXC 
eee eB oe. 
< 8X34 18. 
DES arate 9 1) ohms. 


Since Fp is the effective resistance of B and O in 
parallel, Ap may now be substituted for B and C, 
as indicated in B of figure 104. Applying the 
product/sum method to A and D, and calling the 
result Ry, 

Re= 75-57 144 ohms. 
A single resistance Ry, of 1% ohms can be substi- 
tuted for A, B, and C (A of fig. 104) as shown in 
C of figure 104; that is, the effective resistance 
of A, B, and C in parallel is 144 ohms. 

e. The product/sum method can be used only 

for two resistances at a time. If a circuit con- 
tains three or more resistances, the product/sum 
method of solution becomes long and tedious. The 
reciprocal method may be used to determine the 
effective resistance of any number of parallel 
resistances. Stated as a rule: The effective resist- 
ance of parallel resistances 1s equal to the reciprocal 
of the sum of the reciprocals of the individual resist- 
ances. 
The reciprocal of a number is 1 divided by the 
number. Thus, the reciprocal of 2 is 4, the recip- 
rocal of }4 is 2; the reciprocal of 5 is %, the reciprocal 
of % is 5; and so on. The reciprocal method is 
stated by the following formula: 


i! 
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where F is the effective resistance and R,, Ro, Rs, 


and soon, the parallel resistances. Substituting the 
values of A, B, and C (A of fig. 104) in the formula, | 
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Then, R=1X12/9=1% ohms (dividing 1 by %2). 


This result is the same as that obtained by using 
the product/sum method. Students should be 
familiar with all of these methods for determining 
the effective resistance of resistances in parallel. 
If necessary, one method may be used to prove 
results obtained with the other. Remember, 
too, that the effective resistance is always lower 
than the resistance of the lowest individual 
resistance in the circuit. 


119. Series-Parallel Circuits 


As the name implies, series-parallel circuits are 
combinations of series and parallel circuits. 

a. A of figure 105 is a schematic of a simple 
series-parallel circuit. This circuit is solved by 
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Figure 105. Simple sertes-parallel circuit, solution. 


applying the rules for simple series and simple 
parallel circuits. In such circuits we are concerned 
with: 

(1) The applied or source voltage and the 
voltage drops across each part of the 
circuit. 

(2) The total current from the source and 
the current in each part of the circuit. 

(3) The effective resistance and the resistance 
of each part of the circuit. In A of 


945343 °—51 8 


figure 105, a 10-volt battery is connected 
to a 5-ohm resistor, #4, in series with two 
parallel resistors, Rg and R-: A of figure 
105 is redrawn in B of figure 105 to show 
clearly that AR, is in series with the 
parallel resistances Pz and Ro, and that 
there are two current paths between 
point X and point Y. The current 
(7) from the battery goes through Ry, 
to point X. At point X the current di- 
vides, part (Jz) going through Rz and the 
remainder (Ic) going through Ro. At Y 
these two currents reunite (J, +/~=T,) 
and go to the positive terminal and 
through the battery to the negative 
terminal. 

b. Proptem. The battery voltage and the 
resistance of each resistor is given (A of fig. 105) 
and it is necessary to determine the currents /7, 
I,, Iz, and Ig, the voltage drops H,4, Kz, and Eo, 
and the effective resistance Ry. :; 

(1) Since all of the individual resistances are 
known, the first step is to determine the 
effective resistance of the circuit. R, 
and Re are like resistances and their 
effective resistance (2p) is found by the 
like method (par. 118). 

‘en 


eat ohms. 

(2) This effective resistance Rp is in series 
with R4 as shown in C of figure 105. 
The effective resistance Ry of R4 and Rp 
in series is found by adding the individual 
resistors: 


Re=R,+Rp=5+5=10 ohms. 


(3) Rz is the effective resistance of the circuit; 
that is, as far as the battery is concerned, 
the circuit of figure 105D is the equiv- 
alent of that shown in, figure 105A. 
Therefore, the current from the battery 
is— 

dea, 


Lea iG 


—=1 ampere. 


(4) Referring to figure 105A, we see that I, 
must. go through Ay, that is, I4=Tp. 
Since we now know the current through 
R,, we find the voltage drop EL, from 
Ohms law formula H=JR: 


Eu=14X Ra=1X%5=5 volts. 
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(5) The voltage drop across points X and This agrees with the rule that the 


Y can be found in either of two ways. same voltage is across each branch of a 
(a) The battery voltage H is equal to the parallel circuit. 
sum of the voltage drop Ey, across R4 (6) In this circuit we determined the branch 
plus the voltage drop Exyy across X currents, Jz, and Jc¢, by dividing I; by 
ands J (tha tio son fi == 2. Usually, however, the current in 
Therefore, each branch must be determimed by 
dividing the voltage across the branch 
Exy=E—E,=10—5=5 volts. by the resistance in the branch. Thus, 
(6) Since Rg and Re are equal (10 ohms {pee eae 5 ampere 
each), the 1-ampere current J, divides Ry 10 
equally between them, so that— Bet es 
Loe RO 5 ampere 
Ig=Ic=I7/2=% ampere. ¢ 
ihher: 120. Calculations in Series-Parallel Circuit 


The series-parallel circuit in figure 106 is more 
Exy=[pXBp=IcX Re= complicated than that in figure 105, but the same 
.5X10=5 volts. rules apply. The solution of this problem illus- 


Rez 152 
E, =I5V 
Is, = 1AMP 


SOLVE FOR THE UNKNOWNS IN THE FOLLOWING ORDER; 


bere Wiad Wh Sch daa 
ee I; ke ae pee 
es Ls B poe 
c A ay MieT igen eee 
tela. ne Bier ee 
1. 5Es OS) EVs =eem 
Chad 8 Past oe 
Me lg Gs EA 
Ley ae a TM 661-263 


Figure 106. Order of solution. 
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trates proper methods of solving this type of 
problem. Always inspect a circuit carefully 
before starting on the problem. First determine 
what is known and then determine the best order 
of procedure. The best order of procedure is 
given in figure 106 and keyed with the text; that 
is, 6 in figure 106 corresponds to subparagraph 
b, and so on. | 

a. CURRENT Patus. Arrows in figure 106 
indicate current paths and directions of flow. 
Clearly marking these paths is always helpful, 
because JR drops cannot be calculated unless the 
currents through the resistances are known. 

b. Ry, ErrectiveE Resistance. Since all the 
resistance values are given, the first step is to 
determine the effective resistance Ry. Figure 106 
is redrawn in figure 107 and figure 107 is used to 
illustrate the method of calculating the effective 
resistance. 

(1) In general, it is best to start combining 
resistances at the point farthermost from 
the source of voltage. Thus, in figure 
107, we start with resistor H, noticing 
that it is in parallel with resistor G. As 
G and A are unequal, the product/sum 
method (par. 118c) is used to calculate 
their equivalent resistance R. 


OG XE SEK aer 18 
 G+H 64+3 = 9 
In B of figure 107, G and A are re- 
placed by their equivalent resistance J 

of 2 ohms. 

(2) In B of figure 107, resistances E, J, and F 
are in series; therefore, these resistances 
may be replaced by a single resistance 
equal to the swum of the individual re- 
sistances: 


R=E+I1+ F=5+2+8=15 ohms. 


In C of figure 107, E, J, and F are 
replaced by a single equivalent resistance 

J of 15 ohms. 
(3) In C of figure 107, three equal resistances, 
B, D, and J, are in parallel. Using the 
like method, the equivalent resistance of 


B, D, and J is— 


R 


=2 ohms. 


__ Resistance of any one _15 
~ Number of resistances 3 


In D of figure 107, resistors B, D, and 
J are replaced by the 5-ohm equivalent 
aK. : 


=5 ohms. 


60v— a 
E 
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Figure 107. Reduction to equivalent series circutt. 


(4) In D of figure 107 resistances A, K, and C 
are in series; therefore, a single equiva- 
lent resistance is equal to the sum of 
their individual resistances. 


R=A+K+C=10+5+5=20 ohms. 


In E of figure 107, resistances A, K, 
and C are replaced by the equivalent 
20-ohm resistance L. 

(5) The circuit of A of figure 107 is now 
reduced to a simple series circuit (KE of 
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fig. 107). Since every resistance in A 
of figure 107 has been included in the 
above calculations, resistance L (E of 
fig. 107) is the effective resistance Rz of 
the circuit. It might be well to mention 
here that any electrical circuit can be 
reduced to an equivalent series circuit. 
c. I7, Totau Current. Now that Rz is known, 


the Ohm’s law formula J me can be used to calcu- 


R 

late the total current J+. 
Fa60 

l= = 90 


—=3 amperes. 

d. Ip AND I4, CuRRENT THROUGH Resistors A 
AND C. Examination of the current paths in 
figure 106 shows that the same current I7 goes 
through resistors A and C; therefore, J4=Ie=Ir= 
3 amperes. 

e. Eco, Voutace Across Resistor C. The 
voltage drop E¢ across resistor C can be calculated 
from Ohm’s law formula, #=JR: 


| Ope ee ley volts. 


f. H4, Vottace Across Resistor A. The 
voltage drop /, across R, is similarly calculated: 


Hess xX he 10 = 30 volts 


g. Ez, Votrace Across Resistor B. The 
voltage drop across resistance B is found by 
applying the rule for voltage drops: The sum of 
the voltage drops is equal to the applied voltage. 
In this circuit H4+Es;+ He. equals the battery 
voltage H. Therefore, 


H,=H— (Hi,+ Ee) 
E, =60—(30+15)=15 volts. 


If there is any doubt about /, being the only 
voltage drop in addition to the two drops E, 
and H,, examine C of figure 107. In this ilustra- 
tion, resistances 17, G, H, and F of A of figure 107 
have been replaced by their equivalent resistance 
J. Since B, D, and J are in parallel, the same 
voltage /, is applied to all of them. Also notice 
in A of figure 106 that the current J, divides at 
point 1; part of the current (J/g) goes through 
resistance 6 and the remaining current goes to 
point 2. Thus the voltage /,, between points 1 
and 6, can be considered as a voltage applied to 
points 2 and 5. 
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h. Iz, Current THrovueu Resistor B. Now 
that the voltage across resistance B is known, 
the current J, through B can be calculated from 


Ohm’s law formula, J= 


R 
FAC pel Oe 
{2 iat ioaes ampere. 


1. Ep, Vottacr Across Resistor D. Since 
resistance D is in parallel with resistance B, the 
same voltage is applied to both; therefore, 


= ee voltce 


9. Ip, CuRRENT THROUGH Resistor D.  Resist- 
ance D is equal to resistance B and the same volt- 
age is applied to both resistors. Therefore, the 
current through D must be equal to the current 
through B; that is, Jp>=Jz=1 ampere. If de- 
sired, this current also can be calculated from 


the Ohm’s law formula, J =<. 


k. Ir, Current TuorovueH Resistor F. At 
point 1 (A of fig. 106), the 3-ampere current I? 
divides; 1 ampere (J,) goes through resistance B, 
and the remaining 2 amperes goes to point 2. At 
point 2 there is a second division, 1 ampere (Jp) 
goes through resistance D and, therefore, the 
remaining 1 ampere must go through resistance F. 

l. Hy, Vouttace Across Resistor Ff. Now that 
the current through F is known, the voltage drop 
across Ff’ is found by using Ohm’s law for voltage, 
E=Th.. Ky=JeX hy—1<8=—S8 vols 

m. In, CURRENT THROUGH Resistor FH. At 
point 3 (A of fig. 106) the current through F 
divides, one part (Jg) goes through resistance G 
and the remainder (Jz) goes through H. These 
two currents recombine at point 4; therefore, the 
current through / must be the same as that 
through Ff; that is, 1 ampere. 

n. Hy, VoutTace Across Resistor H. The 
voltage drop Hz across E, is, of course, 


inex Re=1 Ni —— 15. volts. 


0. Hg, Voutrtace Across Resistor G. The 
voltage Hp is equal to the sum of the voltage 
drops Hy, Hg, and Hy. Since Hp, Ex, and Hy are 
known, 


Eg=Ep— (H+ Ep) 
He=15—(5+8)=2 volts. 


p. Ig, Current THrovucH Resistor G. Now 
that the voltage drop across G is known, the cur- 
rent J, can be calculated from Ohm’s law formula, 


I=E/R. 


q. Ex, Voutacr Across Resistor H. Since 
G and H are in parallel, the same voltage is applied 
to both; therefore, 


Eyz=Eeg=2 volts. 


r. Iz, CURRENT THRovuGH Resistor H. The 
current J, through H is found from Ohm’s law 
formula, J=E/R: 

peli ue 


Ia ea ampere. 


Or, since it is known that J; is 1 ampere and J¢ 
is 4 ampere, 


Iyg=Ir—Ig=1—%=% ampere. 


121. Series-Parallel Circuit Problem 


This problem (fig. 108) differs from the two 
_ previous examples in that all of the resistance 
values are not given; instead, certain resistances, 
voltage drops, and currents are given. 

a. A small arrow indicates the direction of 
current through each resistance. 


c—> 7 od 

CURRENT RESISTANCE VOLTAGE 

Ir R E 300V 

Ip R, 40 eS 

Ip Rs E, 80V 

I¢ 40 AMPS Rete = E¢ 

I, 20 AMPS Ro E> 

I; Re E,_ 60V 

Ir Re 20 Er 

I, 10 AMPS Re E. 

Tn Re Ey, 20V 

TM661-264 


Figure 108. Series-parallel problem. 


b. The current J, through resistance C is given 
as 40 amperes. Since resistance C is in series 
with the battery, Z~ and the current J; from the 
battery must be the same current; therefore, 


I;=I-=40 amperes. 


c. This same 40-ampere current must return to 
the battery through resistance A; therefore, 


I,=I;=40 amperes. 


d. Now that the voltage EF and the total cur- 
rent I; are known, the effective resistance R, of 
the circuit is calculated by substituting these 
known values into the Ohm’s law formula R= £/J 


TiS a 
2 ra Ue Va ohms. 


e. The current J; through resistance B can now 
be calculated. The 40-ampere current J; divides 
at the junction of resistors B and D. The cur- 
rent Jp through D is given as 20 amperes; there- 
fore, the current J, through B must be the differ- 
ence between the total current and the current 
through D. 


Iz=I,—Ip=40—20=20 amperes. 


f. Since the voltage drop across B is given as 
80 volts and the current is 20 amperes. 


g. Since Ry, is given as 4 ohms and J, is 40 
amperes, the voltage drop /, across resistance A 
is calculated from the Ohm’s law formula Z=JR. 


as i > aie rg 160 volts. 


h. The voltage drop Ee across C can now be 
determined by applying the rule for voltage drops: 
The applied voltage is equal to the sum of the volt- 
age drops. In this instance the applied voltage 
E is given as 300 volts and the drops Ey, are 
and #, are now known. 


E=E,+EtEo 
and, Eoe=E— (E,+ Es) 
Solving, £-=300—(160+80)=60 volts: 
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7. Now that the voltage drop across resistance 
C is known, the resistance of C is determined by 
using the Ohm’s law formula R=E/J 


j. Examination of figure 108 shows that the 
voltage drop across resistance B is applied to 
resistances H and D in series. Consequently, the 
voltage drop Hp across D is determined by apply- 
ing the rule for voltage drops; that is, 


Hp=E;z+Ep 
and, EHp=H,—Ep. 
Therefore, Hp>=80—60=20 volts. 


k. The resistance of D is now easily determined 
from the Ohm’s law formula R=E/I: 


Rp=Ep/Ip=20/20=1 ohm. 


/. Examination of the diagram (fig. 108) shows 
that resistances F, G, and H/ are in series. Since 
the current through G is given as 10 amperes, 
this same current must go through the other two 
resistances; therefore, 


Iy=Iy=Ig=10 amperes. 


m. The 20-ampere current through resistance D 
divides at the junction of # and H. Since 10 
amperes of this current goes through H, the other 
10 amperes must go through E; that is, I,= 
‘ amperes. 

[© n. The resistance of Eis now read ily determined 
from the Ohm’s law formula R=E/J. 


Ry= EH ,/ITz=60/10=6 ohms. 


o. Similarly, since Ey is given and Jy is 10 
amperes, 


Ra= E/T =20/10=2 ohms. 


p. Since Ry is given as 2 ohms and the current 
I, is known to be 10 amperes, the Ohm’s law 
formular H=JR is used to determine E;. 


Er=T7X< Re= 10 pe? == () volts. 
q. Since Hy+ H+ Ey equals the voltage drop En, 


Eg=Ez— (Ey + En) 
and, H,=60—(20+20)=20 volts. 
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r. The voltages drops Ey, Hg, and Ey are equal 
and the same current (10 amperes) flows through 
resistances F, G, and H. Therefore, without 
further calculation, we know that Ry =Rog=Ry= 
2 ohms; otherwise, unequaled voltage drops would 
be pbiecied across these resistances. ; 


s. Check the above solution in terms of the 
following rules. 


(1) In a parallel circuit the total current is 
equal to the sum of the branch current. 


(2) The same voltage is applied to each 
branch of a parallel circuit. 


(3) The current in a series circuit is the same 
everywhere. 


(4) In a series circuit the sum of the voltage 
drops is equal to the applied voltage. 


122. Complex Circuits; Kirchhoff’s Laws 


Ohm’s law is not sufficient for determining 
currents in complicated circuits. The reason is 
that Ohm’s law is a special case of much more 
general relations. Methods of treating compli- 
cated circuits are based on Kirchhoff’s laws. 
These laws are simple, but the methods of applying 
them are difficult. Kirchhoff’s laws and other 
methods for solving complex circuits are discussed 
in appendix III. 


123. Circuit Tracing 


The circuits in electrical equipment cannot be 
identified by a casual examination of the equip- 
ment. Most of the parts do not look like the 
schematic symbols representing them, many of 
the components are encased, and lead wires are 
run in cables. For Sesinal a number of the 
circuit resistors may be mounted on a terminal 
or resistor board (A of fig. 109). At first glance 
it is not apparent that these resistors are con- 
nected as shown in B of figure 109. By carefully 
tracing the connections of each lead and resistor, 
the schematic diagram of C of figure 109 can: ie 
made. In general, manufacturers furnish a sche- 
matic diagram with equipment. Even with such 
a diagram available, a technician could not trace 
the actual circuit, unless he had considerable 
experience with equipment. In other words, 
circuit tracing cannot be learned solely from a 
book; the book must be supplemented by 
scpenbuee 


RESISTOR 
BOARD 


ACTUAL CIRCUIT A 


| 


SCHEMATIC DIAGRAM Cc 


CIRCUIT REARRANGED B 
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Figure 109. Tracing a simple circutt. 


124. Summary 


a. There are three basic types of circuits: 
(1) Series circuits. 
(2) Parallel circuits. 
(3) Series-parallel circuits. 

b. In a series circuit the same current: passes 
through each device in completing its path to 
the source of supply. 

c. Ina parallel circuit the same current does not 
flow through each device in completing its path 
to the source of supply; the current divides to 
follow two or more parallel paths. 

d. A series-parallel circuit is a combination of 
series and parallel circuits. 

e. In more complicated circuits it is impossible 
to identify the series and parallel circuits. Such 
circuits are solved by applying Kirchhoff’s laws 
(app. III). 

f. There is a rise of potential in the direction of 
(electron) current flow; a fall of potential in the 
opposite direction. 

g. The voltage drop between two points is the 
potential ‘ difference required to produce the 
current between the two points. 


h. Voltage drops across resistances are called 
IR drops, since they are computed from the 
Ohm’s law formula H=JR. 

2. In a simple series circuit, the sum of the 
voltage drops in the external circuit is equal to 
the applied voltage. 

7. When the internal resistance of the source 
is included in the calculations, the sum of the 
voltage drops around the entire circuit is equal 
to the emf of the source. 

k. In a series circuit the effective or total resis- 
tance is equal to the sum of the individual 
resistances. 


l. In a parallel circuit the same voltage is 
applied to each parallel branch. 


m. In a parallel circuit the total current is 
equal to the sum of the currents in the individual 
branches. 

nm. In a parallel circuit the effective resistance 
of the parallel branches is equal to the voltage 
applied to the branches divided by the total 
current through the branches. . 

o. In a series circuit, the effective resistance is 
equal to the voltage divided by the current. 
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p. Parallel resistance may be combined to 
obtain the effective resistance by— 


(1) The like method. 
(2) The product/sum method. 
(3) The reciprocal method. 


q. Any circuit may be reduced to an equivalent 
series circuit. 

r. The sum of the currents arriving at any 
point in a circuit is equal to the sum of the currents 
leaving that point (app. III). 


125. Review Questions 


a. Refer to figure 110 and determine the fol- 
lowing: 


(1) Voltage drop across A_.. 7.2,-L4__ -2:- 
(2) Resistance ofA. a os [SF aon age ere 
(S)eavesistanceyat Hx oan ee he a ee 
(4) Voltage drop across 0... 42 5..4s____- 
(5) Current through D__-__- ARES A Aare 2 
(6) Resistance of *C.5 3 te eee RE a 


(7) 


6. Three tubes, their filaments, and a battery 


are shown in A of figure 111. Connect the 
filaments in series with the battery. If each 
filament has a resistance of 20 ohms and is designed 
to draw .38 ampere of current, what is the correct 
battery voltage? } 7 

c. Three tubes, their filaments, and a battery 
are shown in B of figure 111. Connect the 
filaments in parallel with the battery. If each 
filament has a resistance of 20 ohms and is de- 
signed to draw .3 ampere of current, what is the 
correct battery voltage? 4 \ 

d. Find the unknowns in ficures 112 through117. 


0.75 AMP 


“4 AMP” 


TM 661-64 


Figure 110. Problem 1. 
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Figure 111. Problem 2. 
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Figure 112. Problem 8. 
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Figure 118. 


WHAT-TYPE OF CIRCUIT 
IS THIS ? 


FIND Ev 
Ep 
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Ig 
I;=2 AMPS Rp =.52 TS 
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Eo 
Gi ea 4 6 
FIND THE UNKNOWN VALUES IN THE ABOVE CIRCUIT 
IN THE FOLLOWING ORDER. 
1. Rr 10. Ee 
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3. Ia 12. Ip 
Ba Rta ae 4. Ie 13. Ig 
Te 5. Ec 14. En 
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Problem 4. 


Figure 114. Problem 6. 
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FIND THE UNKNOWN VALUES IN THE FOLLOWING ORDER 
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2. Iy 10. Ie 
4 ay I. Ly 
<3. 12. Ef 
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Figure 116. 


Problem 6. 
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FIND THE UNKNOWN VALUES IN THE FOLLOWING ORDER. 


1.Rr 
ae 
OLEA 
4.E, 
5.E, 
6.E, 


Cie eee 13.E¢ 
8.13.2 14.Te 
be Joel yp a ad ees 15.Ig 
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Vespa epee ak oe we, 17. Ey 
al opto a 18. E, 
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Figure 116. Problem 7. 
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Figure 117. Problem 8, 
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CHAPTER 10 
ELECTROMAGNETISM 


126. Oecrsted’s Experiment 


In chapter 1 of this text, electricity and mag- 
netism were mentioned as the two fundamental 
forces which were utilized in the development 
of modern communication equipment and elec- 
tronics. Since ancient times, certain facts had 
been known about both magnetism and electricity; 
but it was not until 1819 that Hans Christian 
Oersted, a native of Denmark and a professor of 
physics at the University of Copenhagen, actually 
discovered that there is a direct connection be- 
tween these two basic forces. Up to this time 
(1819), Oersted believed and thought he had 
proved that there was no connection between 
electricity and magnetism. His usual custom was 
to connect a wire conductor to a voltaic cell and 
then place it at right angles to, and directly over 
a compass needle. In this position there is no 
movement of the compass needle. However, 
one day while discussing the experiment with 
his students, he accidentally placed the current 
carrying conductor parallel to the compass needle, 
and to his amazement he saw the compass needle 
turn at right angles to the conductor and come 
to rest. This excited his interest, since up to 
this time he was convinced that there was no 
connection between these two forces. Continuing 
his experiments, he found that if the current was 
reversed in the conductor, the needle would swing 
at right angles in the other direction; and if the 
needle was placed over the conductor, the entire 
action was reversed. Figure 118 shows a, con- 
ductor and a compass in three different positions. 
Note that the compass needle comes to rest at 
right angles to the current-carrying conductor, 
regardless of the position of the conductor. By 
this experiment, Oersted proved that a wire 
carrying a current of electricity has around it a 
field of force which acts on a compass needle in a 
manner similar to the field of force around a 
permanent magnet. Thus, electricity produces 
magnetism. ‘The operation of motors, generators, 
door bells, and countless other types of electrical 
equipment in common use today depends on the 
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application of this discovery; that is, the rela- 
tionship between magnetism and electricity. 


127. A Magnetic Field Is Produced by Electric 


Current 


a. The magnetic field produced by a current 
of electricity always lies at right angles to the 
current that produces it. The truth of this 
statement can be illustrated by the following 
experiment: Pass a current-carrying conductor 
through a hole in a piece of cardboard or other 
nonmagnetic material, so that the cardboard can 
be held horizontal (A of fig. 119). When iron 
filmgs are sprinkled on the cardboard, the filings 
become arranged in the form of concentric circles 
about the wire, thus proving that the magnetic 
field around the wires is circular. The direction 
of this field can be found by placing a compass 
at the various positions shown. 

6. When magnetism is caused by an electric 
current flowing through a conductor, it is called 
electromagnetism. 

c. Since a magnetic field has both intensity and 
direction, it can be represented by lines of force. 
B of figure 119 shows the lines of force closely 
concentrated near. the conductor and gradually 
becoming less concentrated as the distance from 
the conductor increases. The lines of force are 
only a representation of the field since the mag- 
netic field itself cannot be seen. 

d. For a very short straight conductor carrying 
current, the magnetic field strength at any dis- 
tance d from the wire is given by the formula— 


oy 
— 


H=magnetice field strength, 

Z=current flowing through conductor, and 

d=perpendicular distance from the conductor of 
the point at which the magnetic field is 
to be evaluated. 


Note. For a long straight conductor carrying current 


under the conditions set up in d above, the formula 


becomes — 
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Figure 118. Oersted’s experiment. 


128. Relationship Between Current and Its 
Magnetic Field 


a. Theoretically, the magnetic field of every 
magnet extends throughout space. Practically, if 
one of the compasses in A of figure 119 is moved 
farther away from the conductor a point would 
soon be reached where the effect of the field would 
no longer be felt and the north pole of the compass 
would point to the north pole of the earth. If the 
current in the conductor is now increased, the 
compass needle will again be affected and it will 


_ point in the opposite direction. 


point the direction of the magnetic field. From 
this it is evident that the strength or intensity of 
the magnetic field around a current-carrying con- 
ductor wncreases when the current increases and 
decreases when the current decreases. 

b. If the direction of the flow of current in the 
conductor is reversed, it will be found that the 
compasses in A of figure 119 will also reverse and 
This indicates 
that the direction of the magnetic field around a 
current-carrying conductor is dependent on the 
direction of the current through the conductor. 
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Figure 119. Magnetic spectrum showing intensity and 
direction of field. 


Reversing the direction of current in the conductor 
reverses the direction of the magnetic field. 

c. Actually the magnetic field around a conduc- 
tor extends the complete length of the conductor 
and not at only one point as illustrated in A of 
figure 119. B of figure 120 shows a wire conductor 
with the lines of force indicating the direction of 
the field. Remember that while lines of force 
show direction, they are only an indication that a 
magnetic field is present. 

d. A of figure 120 is the end view of the conduc- 
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MAGNETIC FIELD ABOUT A CONDUCTOR 


CROSS-SECTION OF 
CONDUCTOR AND 
MAGNETIC FIELD 
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FLOWING AWAY 
FROM OBSERVER. 
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tor and magnetic field showing the current flowing 
away from the observer. Notice the symbol 9, 
a plus sign, inside a circle, representing the tail 
of an arrow to indicate the direction of the current 
(into the paper). The arrows on the lines of 
force show the direction of the magnetic field to 
be counterclockwise. The end of the conductor, 
showing the current flowing toward the observer 
is shown in C of figure 120. In this case the 
symbol ©, a circle with a dot, representing the 
point of an arrow to indicate the direction of the 
current (out of the paper). The magnetic field 
viewed from this end is in a clockwise direction. 


129. Left-Hand Rule 


After the discovery of the relationship between 
the direction of the current through a wire and the 
direction of the magnetic field caused by the cur- 
rent, a simple rule was set up to find the direction 
of the magnetic field when the direction of current 
was known. This rule is known as the left-hand 
rule for determining the direction of the magnetic 
field about a current carrying conductor, and may 
be stated as follows: Grasp the conductor in the 
left hand with the thumb pointing in the direction 
of the current (electron current) flow (fig. 121). 
The fingers will point in the direction of the magnetic 


field. Using this rule, if either the direction of the 


current or the direction of the field is known, the 
other may be obtained. 


Note. If conventional current flow (positive to nega- 


tive) is being considered, use the right hand and apply 
the rule in the same manner. 
the right-hand rule. 
convention. 


The rule is then known as 
Some of the older texts use this 
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Figure 120. Magnetic field about a conductor. 
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There are three unpertant laws governing this 
action which will be given below. 
(1) Parallel currents flowing in the same direc- 


TM 661-102 


Figure 121. Use of the left-hand rule. 


130. Magnetic Field Between Conductors Car- 
rying Currents 


a. The magnetic fields produced by electric 
currents in conductors cause attraction or repul- 
sion, depending on the direction of the current flow. 


DIRECTION 


OF 
CURRENT 


tion cause attraction. A of figure 122 
shows two conductors with the current 
flowing in the same direction. When 
applying the left-hand rule, notice the 
direction of the lines of force (magnetic 
field) in the area between the two con- 
ductors. Remember that the field of 
force is at right angles to the plane of the 
paper, therefore the lines of force are 
directed either away from or toward the 
observer, as shown by the pointer or the 
tail of the arrow in the same manner as 
the direction of current. In the area 
between the conductors, the lines of force 
oppose each other, thus causing the field 
to be weakened, while in the area outside 
the conductors the field is strengthened. 


DIRECTION 
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Figure 122. Attraction and repulsion between conductors carrying currents. 
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Due to the weakened field the lines of 
force tend to encircle both the conductors 
like rubber bands, and the conductors are 
attracted to each other in the direction of 
the arrows X and Y. 

(2) Parallel currents flowing in opposiie di- 
rections cause repulsion. B of figure 122 
shows two conductors with current flow- 
ing in opposite directions. By applica- 
tions of the left-hand rule, the lines of 
force indicate that the two magnetic 
fields aid each other in the region between 
the conductors. Since this field is 
strengthened, compared with the field 
outside of the conductors, it tends to push 
the conductors apart as illustrated by the 
direction of the arrows X and Y. 

(3) Currents through conductors making an 
angle with each other produce fields which 
tend to force the conductors into parallei 
paths with their currents flowing in the 
same direction. C of figure 122 shows 
two conductors placed at right angles to 
each other and carrying current in the 
direction indicated by the arrows. If 
the left-hand rule is applied to each of 
these two conductors, the magnetic fields 
as indicated by the lines of force, in the 
quadrant marked M and N, will be simi- 
lar to the magnetic field between the 
conductors in A of figure 122. This 
means that the field in quadrants / and 
N will be weakened. For the same 
reason, if the field in the quadrants O and 
P is compared to the field between the 
conductors in B of figure 122, the lines of 
force indicate that the magnetic field in 
these quadrants is strengthened. There- 
fore the two conductors will tend to move 
toward a parallel position, the ends of the 
conductors moving in the direction of the 
arrows X and Y. The current flows in 
the same direction in both conductors. 


b. The three laws developed in this paragraph 
may be incorporated into one statement as follows: 
Any two circuits carrying current tend to so 
place themselves that they will include the largest 
possible number of lines of force. The student 
should keep in mind that a conductor carrying 
current will always tend to move from a strong 
magnetic field to a weak magnetic field and the 
direction of the movement is the resultant of the 
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forces caused by all the magnetic fields acting on a 
conductor. 


131. Magnetic Field of a Single Coil 


a. If a conductor, similar to the one represented 
in figure 120 and carrying current, is bent in 
the form of a loop (A of fig. 123), the same 
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CURRENT FLOW 
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Figure 123. Single loop showing lines of force. 


circular lines of force or magnetic field surround the 
conductor as when it was straight. Also, when 
the conductor is bent into a loop, all the lines of 
force will enter on one side (face) of the loop and 
leave on the other side (face) of the loop (B of fig. 
123). This is in accordance with the left-hand 
rule. Thus, a north pole is created on one face of 
the loop and a south pole on the other face of the 
loop. 

tL. If several loops or turns of wire are so wound 
as to form a coil, it may be called a helix or sole- 
noid. Actually, a helix is any coil of wire that is 
carrying current, while a solenoid is a coil that 
has considerable length as compared with its 
diameter. <A of figure 124 shows a solenoid wound 


bs 


loosely. Since the current is flowing through 
each turn in the same direction, the effect of the 
magnetic field produced is similar to that of 
parallel conductors (A of fig. 122). Thus the 
field is weakened due to the opposition of the 
flux between the turns, causing some of the lines 
of force to encircle several turns of the entire coil. 
Those lines of force produce a magnetic field 
similar to the magnetic field of a bar magnet 
(B of fig. 124), making a north pole at one end 
of the coil, and a south pole at the other end of 
the coil. Now if the coils are pushed as close 
together as possible (C of fig. 124), a great many 


DIRECTION OF CURRENT 
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Figure 124. Magnetic field about a solenoid. 


more lines will encircle the entire coil. Obviously 
the field within the coil and at the poles is much 
stronger than the field illustrated in A of figure 
124, since practically all the lines of force which 
previously encircled the individual loops will now 
encircle the entire solenoid. Therefore, while 
current is flowing, the solenoid has the properties 
of a permanent magnet. 

945343°—51 


9 


c. The polarity of a coil or solenoid may be 
determined by a left-band rule as follows: Grasp 
the coil with the left hand so that the fingers will 
point in the direction of the flow of current around 
the coil and extend the thumb at right angles to the 
Jingers. The thumb will then point in the direction 
of the north pole of the coil (fig. 125). Tf the current 
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Figure 125. Left-hand rule fcr a coil or solenoid. 


in the coil is reversed, the polarity of the coil 
will reverse also. 


132. Electromagnets 


a. If a piece of magnetic material, usually soft 
iron, is placed within a solenoid through which 
current is flowing the magnetic properties of the 
solenoid are tremendously increased. The reason 
for this Increase in magnetic strength is because 
soft iron is more permeable than air (ch. 1), and 
therefore provides a better path for the lines of 
force (flux) than does air. The inside of any coil 
is considered as the core whether it be air or of 
some magnetic material. If a coil is wound on 
a core of magnetic material, it is called an electro- 
magnet (A of fig. 126). The coil may be wound 
with one or more layers of wire from one end to 
the other and back, providing, of course, that the 
current flows around the core continuously in 
the same direction. The rule for determining the 
polarity of an electromagnet is the same as for a 
solenoid, that is, by use of the left-hand rule. 

b. Any magnetic material may be used as the 
core for an electromagnet. However, soft iron or 
soft steel generally is used because the retentivity 
of those materials is so low that they have the char- 
acteristic of retaining very little residual magnet- 
ism when the current stops flowing. This is a very 
important quality of electrical equipment such as 
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relays. On the other hand, a piece of hard steel 
when inserted into a coil in which current is flow- 
ing becomes a permanent magnet. That is, due to 
its retentinity, it will retain a large amount of 
residual magnetism when the current ceases to 
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Figure 126. Types of electromagnets. 


flow. Electromagnets are widely used in electrical 
equipment, including relays, motors, generators, 
radios, and transformers. The U-type electro- 
magnet illustrated in B of figure 126 is used in the 
receiver of a telephone. 

c. The circuit of a simple relay is shown in figure 
127. When the switch is closed current flows 
through the coil of the electromagnet, and is said 
to energize it. That is, it becomes a magnet and 
the magnetic field attracts the soft iron armature 
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Figure 127. Simple relay. 
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and overcomes the pull of the spring so that the 
armature is drawn up against the contact. When 
the contact is closed, it completes the circuit 
through the load and the 12-volt battery, and cur- 
rent flows. The current will flow from the 
negative terminal of this battery through the 
armature and the load back to the positive terminal 
of the battery. When the switch is opened, the 
current flow through the electromagnet stops and 
it is said to become de-energized. Since the mag- 
netic field disappears, the armature is pulled away 
from the contact by the spring, breaking the circuit 
and removing the power from the load. 


133. The Magnetic Circuit 


a. The laws which apply to the magnetic circuit 
are similar to (but not the same as) those of the 
electric circuit. It has previously been shown 
(ch. 1) that magnetic flux forms closed loops. The 
path that the flux takes, whether through air or 
through metal, is called the magnetic circuit. The 
magnetic circuit will now be compared with the 
electric circuit. 

b. In order to produce an electric current, a 
voltage, known as the electromotive force, is re- 
quired. Similarly, in order to produce a magnetic 
flux, a force known as the magnetomotive force 
is required. In an electric circuit, for a given 
electromotive force, the current depends on the 
amount of resistance. Likewise in a magnetic 
circuit, for a given magnetomotive force, the flux 
depends on the amount of opposition (reluctance). 
It is then evident that in the magnetic circuit, as 
in the electric circuit, the relationship expressed in 
the following statement is true: The result pro- 
duced is directly proportional to the force that pro- 
duces it and inversely proportional to the opposition 
encountered. For the electric circuit, it has been 
shown in chapter 6 that — 


electromotive force (E) 
resistance (R) 


current (I) = 


For the magnetic circuit a similar law may be 
stated as follows: 


magnetomotive force (m.mf.). 


flux (lines of force) = shies 


Using symbols instead of words, the followmg 
formula may be written: 


1 
byl 


ye 


where ¢=flux, 
F=m.m_f. in gilberts, and 
R=reluctance in oersteds. 


If F is expressed in ampere-turns (par. 134), F is 
usually in rels. Ampere-turns may be changed to 
gilberts by multiplying by 1.26 which gives & in 
oersteds. 

c. There are important differences in the rela- 
tionship of the electric circuit to the magnetic 
circuit. 

(1) In the electric circuit, the resistance is a 
constant and can be determined by the 
ratio of voltage to current (discounting 
the heating effect). In a magnetic cir- 
cuit, however, the reluctance is not 
a constant but depends on the flux 
(strength of the field). 

(2) In electric circuits, current actually flows 
(electron flow) from one point to another. 
In the magnetic circuit, there is no actual 
flow of flux, but merely an indication of 
the intensity and direction of the mag- 
netic field. . 


iy 
Wil 


134. Maanetsinctive Force (M. M. F.) 


a. The magnetizing force set wp due to current 
flowing in a coil or solenoid is known as the mag- 
netomotwe force. Since the strength of the mag- 
netic field about a conductor increases when the 
current through the conductor increases (par. 128), 
the magnetic field about a coil or solenoid will also 
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Figure 128. Electromagnetic turns. 


FLUX DENSITY 
(LINES OF FORCE PER SQUARE INCH) 


increase when the current through the coil is in- 
creased. In fact, for any coil, if the current is 
doubled the strength of the field will also double. 
Also, since the total magnetic field above a coil is a 
summation of the field of the individual loops or 
coils, if the number of loops is increased, the 
strength of the magnetic field willincrease. There- 
fore, the amount of flux (lines of force) about a 
helix, whether it have an air core or an iron core is 
proportional to two factors: 

(1) The current in amperes flowing in the coil. 

(2) The number of loops or TURNS in the 

coil. 

b. The word “TURN” means just one wrap of a 
conductor around a core which may be either air 
for a solenoid or in the case of an electromagnet, a 
piece of soft iron (A of fig. 128). 

c. The magnetomotive force is proportional to 
the current (in amperes) in the circuit and to the 
number of turns of the coil., 


135. Magnetization Curves 


a. In order to simplify magnetic circuit com- 
putations, magnetization curves (see note below) of 
certain materials have been prepared (fig. 129). 
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Figure 129. Magnetization curve for annealed sheet steel. 


The magnetomotive force, expressed in ampere- 
turns per inch, is plotted against the flux density 
(flux per square inch). Examination of the curve 
shows that when the magnetomotive force is 20 
ampere-turns, the flux density is about 95,000 
lines of force per square inch. 

Note. Magnetization curves are also known as B-H 
curves. 

b. When the magnetomotive force is increased 
from 20 to 40 ampere-turns per inch, the flux 
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density increases from 95,000 to about 108,000 
lines of force per square inch. 

c. As the ampere-turns per inch continue to 
increase, the flux density also increases but at a 
lesser rate. Whereas 40 ampere-turns per inch 
produce 108,000 lines of force per square inch, 
note that increasing the ampere-turns to 160, or 
four times as much, only produces 120,000 lines 
of force per square inch. 

d. It is evident then that a magnetization curve 
provides a quick and simple method of calculating 
flux density if the type of core and magneto- 
motive force in ampere-turns per inch is known. 
Of course, other magnetic substances do not 
follow the same magnetization curve as that of 
annealed. sheet steel. In fact, a new magnetiza- 
tion curve must be made for every type of mag- 
netic substance, for no two curves will be exactly 
alike. 

e. The point where the curve begins to flatten 
out is called the knee of the magnetization curve 
(fig. 129). This point is also called the saturation 
point since beyond this point it becomes increas- 
ingly difficult to increase the flux density. For 
example, there is a large increase in flux density 
when the ampere-turns per inch are increased 
from 0 to 20, but there is only an extremely small 
relative increase in flux density when the ampere- 
turns per inch are increased from 160 to 180. In 
radio circuits, it is usually desirable that the flux 
density remain below the knee so that a change 
in the magnetomotive force will produce a more 
or less proportional change in the flux density. 


136. Hysteresis Loss 


a. Hysteresis is a lagging of the magnetizing 
effect behind the magnetizing cause. This phe- 
nomena will be explained with the aid of figure 130. 
If a constantly increasing magnetizing force 
(ampere-turns per inch) is applied to a core that 
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Figure 130. Typical hysteresis loop or magnetic cycle. 
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has not been magnetized previously, the mag- | 
netization curve A—B shows how the flux density 
increases. If, at point B, the magnetizing current 
is reduced, the core will start to lose its magnetism 
as shown by curve B-C. The flux density becomes 
smaller as the magnetomotive force is reduced 
until point C is reached when the magnetomotive 
force is 0. Note that the flux density at point C 
is 50,000 even though there is no applied magneto- 
motive force. This lagging or hysteresis is due 
to the residual magnetism remaining in the core. 


b. If a negative magnetomotive force is then 
applied, by reversing the direction of the current, 
the core will lose its magnetism as shown by curve 
C-D. It is evident that 8 ampere-turns of nega- 
tive magnetomotive force are required to com- 
pletely demagnetize the iron at point D. These 
8 ampere-turns of magnetomotive force, which are 
necessary to overcome the residual magnetism, 
represent a distinct loss of power and are referred 
to as hysteresis loss. 


c. If the negative magnetomotive force is then 
increased beyond D to a numerical value equal to 
the positive value at B, the core will become 
magnetized in the opposite direction, as shown by 
curve D-E. The flux density at EH will then be 
equal to the flux density at B. 


d. If the negative magnetomotive force is then de- 
creased to 0, the flux density will vary according to 
the curve H-F. At point F the magnetizing force 
is0. The flux density, due to residual magnetism, 
is —50,000. The minus sign merely indicates 
that the direction of the field at point F is opposite 
to the direction of the field at point C. 


e. If a positive magnetomotive force is then 
applied and gradually increased, the core will lose 
its magnetism along curve F—G, become completely 
demagnetized at point G, and become magnetized 
again in the opposite direction along curve G—B. 
This completes the hysteresis loop. 


f. It can be shown that the area within the 
hysteresis loop is proportional to the amount of 
work done against the residual magnetism. The 
energy or power thus lost (hysteresis loss) is con- 
siderable and is transformed into heat in the core. 
The hysteresis loss is therefore an important factor 
in the design of iron core transformers in which the - 
direction of the flux is continually reversed. A 
hysteresis loop of small area means a relatively 
small hysteresis loss while a loop of large area 
indicates a large loss. This point will be treated 
more fully in the manual on alternating current. 


137. Relationship of Electric and Magnetic 
Fields 


a. Up to now, electromagnetism has been 
attributed to the flow of current in a conductor. 
However, current flow also means charges in 
motion. It follows, therefore, that electromagne- 
tism is the result of charges in motion and that a 
charge moving with respect to the observer is 
always accompanied by a magnetic field. This 
fact can be verified by the following experiment. 


(1) Suppose that several pieces of tinfoil are 
fastened to the outer edge of a round glass 
disk and the tinfoil is then charged with 
negative electricity, that is, each piece of 
tinfoil is touched by a previously charged 
negative body (A of fig. 131). The 
negative charges on the tinfoil are 
represented by the electrons. If the 
glass disk is then rotated, these electrons 
will also be rotated as shown in B of 
figure 131. 
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Figure 131. Electrons in motion produce an electric field. 


(2) If a compass is then held above the ro- 
tating electrons, it will be deflected, thus 
showing the presence of a magnetic field. 
By placing the compass in various posi- 
tions, the magnetic field about -the ro- 
tating electrons will be found to be that 
shown in C of figure 131. Note that 
this field is the same as that about a wire 
carrying current (D of fig. 131). 


b. The above experiment shows that a charge in 
motion produces a magnetic field. ‘This is one of 
the most important of the fundamental laws of 
electricity, and is the basis upon which rests the 
operation of generators and the production of radio 
waves. 

c. The fact that a charge in motion produces a 
magnetic field leads to some very important con- 
clusions. It will be recalled that an electric field 
exists in the space about a positive or negative 
charge (fig. 31). Therefore, when a charge is 
moved its electric field moves with it, since the 
two are inseparable. It follows that instead of a 
charge in motion, it can be said that an electric 
field in motion produces a magnetic field. The 
previous conclusion can then be restated as fol- 
lows: A moving electric field creates a magnetic field. 
This action is reversible, that is, a moving magnetic 
Jield creates an electric field. 

d. The force of the magnetic field acts at right 
angles to the electric field and also at right angles 
to the direction in which the charge is moving. 
This fact is illustrated in figure 132. It will be 
recalled that the electric field about a negative 
charge such as an electron is represented as indi- 
cated in A of figure 132. Also, the magnetic field 
about an electron flowing away from the observer 
is shown in B of figure 132. When both figures 
are combined as in C of figure 132, the relationship 
between the electric and magnetic fields about a 
moving charge can be seen easily. Note that 
whenever an electric line of force crosses a mag- 
netic line of force, the two are always perpendicular 
(at right angles) to each other. Also note that 
the electric and magnetic lines of force are at right 
angles to the direction in which the charge is mov- 
ing. The theory of wave propagation in the study 
of radio shows that this relationship between the 
electric and magnetic fields is similar to the rela- 
tionships existing in an electromagnetic or radio 
wave if the direction of propagation is substituted 
for the moving charge. 
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Figure 132. Electric and magnetic lines of force. 


138. Energy in Magnetic and Electric Fields 


a. When a magnet is moved over iron filings, 
the magnetic field of the magnet causes the iron 
fiimgs to move although the iron filings and mag- 
net are not in contact. Thus, the magnetic field 
does work on the iron filings. Since the magnetic 
field has the ability to do work, and since energy 
is defined as the ability to do work, the magnetic 
Jield therefore possesses energy. ‘This energy is ap- 
propriately called magnetic energy. 

6b. Since magnetic fields are created by the 
motion of charges, the magnetic field is said to 
represent kinetic energy. This is equivalent to 
saying that the kinetic energy of an electric cur- 
rent is stored as magnetic energy in the magnetic 
field the electric current creates. 

c. In practice, all circuits have some amount of 
resistance, such as the resistance of the wire used 
for connections, the resistance of the wire of which 
a coil is made, or the resistance of the resistors in 
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the circuit. Any current flowing through this 
resistance causes an J? power loss which appears 
in the form of heat. When power is supplied to a 
simple circuit that contains resistance, some of the 
power appears in the form of heat. The remainder 
of the power becomes the kinetic energy of the 
current and is stored as magnetic energy in the 
magnetic field. When the power is removed from 
the circuit, interrupting the current flow, the 
magnetic field collapses and returns its energy to 
the circuit by inducing an emf in it, as will be 
explained in chapter 11. In other words, it re- 
quires energy to establish a magnetic field, and 
this energy is returned to the circuit when the 
current stops flowing and magnetic field collapses. 

d. Just as a magnetic field of force represents 
energy, so also does an electric field of force repre- 
sent energy. It will be recalled that if an isolated, 
or free, electron is placed in an electric field, the 
electron will be driven from a lower to a higher 


potential point by the electric field of force. The 
electric field thus does work on the electron and there- 
fore possesses energy. 

e. Thus, both the magnetic and the electric 
fields possess energy. The total energy of a mov- 
ing charge is therefore the sum of the energy in its 
electric and magnetic fields. 


139. Summary 


a. An electric current in a conductor is sur- 
rounded by a magnetic field. 

b. The magnetic lines of force around a current- 
carrying conductor take the form of concentric 
circles around the conductor. 

c. The strength of the magnetic field about a 
current-carrying conductor increases when the 
current increases and decreases when the current 
decreases. 

d. Reversing the direction of the current 
through a conductor reverses the direction of the 
magnetic field about that conductor. 

e. The left-hand rule for determining the direc- 
tion of the magnetic field about a current-carrying 
conductor is: Grasp the conductor in the left hand 
with the thumb pointing in the direction of the 
current (electron current) flow. The fingers will 
point in the direction of the magnetic field. 

f. The magnetic field about an energized coil 
or solenoid is similar to that about a bar magnet. 

g. The left-hand rule for solenoids and electro- 
magnets is: Grasp the coil with the left hand so 
that the fingers point in the direction of the flow 
of current. The thumb will then point in the 
direction of the north pole of the solenoid. 

h. Reversing the direction of the current 
through a solenoid reverses the direction of the 
magnetic field about that solenoid. 

i. Either end of an energized solenoid attracts 
iron filings. 

7. An electromagnet consists of a solenoid and 
an iron or steel core placed within it. 

k. The magnetizing force set up by current 
flowing through a solenoid is known as the mag- 
netomotive force. 

l. Magnetomotive force equals the product of 
the current and the number of loops or turns and 
~ is expressed by a unit called the ampere-turn. 


m. In an electric cir- In a magnetic circuit, 


cult, current= her 
electromotive force magnetomotive force 
resistance reluctance 


nm. A magnetization curve shows how the flux 
density varies as the magnetomotive force in- 
creases. 

o. Hysteresis is the lagging of the magnetizing 
effect behind the magnetizing cause. 

p. Hysteresis loss refers to the power required 
to overcome the residual magnetism in the core of 
an electromagnet. 

qg. A charge in motion creates a magnetic field 
about it. 

r. A moving electric field creates a magnetic 


field. .A moving magnetic field creates an electric 
field. 


s. The electric and magnetic lines of force about 
a moving charge are at right angles to each other 
and at right angles to the direction in which the 
charge is moving. 

t. A magnetic field possesses magnetic energy. 
An electric field possesses electric energy. 

u. When a magnetic field collapses its energy is 
returned to the circuit. 

v. The total energy of a moving charge is the 


sum of the energy in its electric and magnetic 
fields. 


140. Review Questions 


a. Is an electric current always surrounded by a 
magnetic field? 

b. What forms do the magnetic lines of force 
take around a conductor carrying an electric 
current? 

c. Distinguish between magnetism and electro- 
magnetism. 

d. If the current through the conductor is in- 
creased, will the strength of the magnetic field 
around the conductor increase? 

e. Reversing the direction of the current through 
a conductor has what effect on the direction of the 
magnetic field? 

f. What is the conventional symbol for repre- 
senting current flowing into a conductor away 
from the observer? Out of a conductor toward 
the observer? 

g. State the left-hand rule for determining the 
direction of the magnetic field of force around a 
conductor carrying a current. 

h. Using the left-hand rule, find the resultant 
field about two parallel conductors in which current 
flows in opposite directions. In the same direc- 
tion. 

i. Describe the magnetic field about a loop of 
wire through which current flows. 
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4. Indicate the magnetic field of a solenoid and’ 


show that this field is the sum of the fields pro- 
duced by the individual loops. 

k. Has a solenoid, when carrying an electric 
current, a definite north and south pole? 

l. State the left-hand rule for determining the 
polarity of a solenoid. 

m. What happens to the poles of a solenoid if 
its current is reversed? 

n. Why does an energized solenoid attract 
magnetic material placed at either end of the 
solenoid? 

o. What is an electromagnet? 

p. Is residual magnetism desirable in an electro- 
magnet? 

q. When is an electromagnet energized? De- 
energized? ; 

r. Is the rule for determining the polarity of an 


electromagnet the same as that for a solenoid?: 


Explain. 

s. What is magnetomotive force? 

t. Magnetomotive force is proportional to what 
factors? 

u. In what units is 
measured? 


magnetomotive force 
Give an example. 

_v. Magnetomotive force establishes flux in a 
magnetic circuit, the amount of flux depending on 
the reluctance in the circuit. How does this state- 
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ment compare with electromotive force, current, 
and resistance in an electric circuit? 

w. Does flux actually flow, the same as current? 

z. What substance is generally used for the 
cores of electromagnets? 

y. How can the strength of an electromagnet be 
increased? 

z. What is a magnetization curve and what is it 
used for? 

aa. What is the knee of a magnetization curve? 
Saturation point? 

ab. What is hysteresis? 

ac. Describe the formation of a hysteresis loop. 

ad. What is a hysteresis loss? 

ae. How does hysteresis loss effect the core of an 
electromagnet? 

af. Describe an experiment that proves that a 
charge in motion produces a magnetic field. From 
this fact show that a moving electric field creates a 
magnetic field. 

ag. Does a moving magnetic field create an 
electric field? 

ah. What is the relationship of the electric and 
magnetic fields about a moving charge? 

ai. Show that a magnetic field possesses energy. 
Likewise for an electric field. 

‘aj. What is the total energy of a moving charge? 

ak. What happens to a magnetic field about a 
conductor or coil when the circuit is broken? What 
becomes of the energy in the magnetic field? 


CHAPTER 11 
INDUCED ELECTROMOTIVE FORCE 


141. Electromagnetic Induction Due to Cutting 
of Magnetic Field by a Conductor 


a. As a source of commercial electrical energy 
on a large scale basis, batteries are relatively 
expensive and unwieldy. Therefore, other means 
are used to obtain electrical energy in large 
quantities. Probably the most common source 
of electric energy is the generator, which depends 
on the principle of electromagnetic induction for 
its operation. 

b. This principle was discovered by Michael 
Faraday in 1831 and can be demonstrated easily 
as follows: 

(1) Connect a highly sensitive current-in- 
dicating device, such as a zero-center 
galvanometer (fig. 133), to the ends of a 
conductor, such as a copper wire, and 
move the conductor downward through 
a magnetic field, so that the conductor 
cuts across the magnetic flux. 

(2) When this is done, a momentary voltage 
will be induced in the conductor with 
polarity as indicated. This induced volt- 
age, in turn, will cause current (electrons) 
to flow through the galvanometer and 
move its indicating needle. This mo- 
mentary deflection of the galvanometer 
needle is an indication that a voltage 
has been induced in the conductor. 
The current caused by the induced 
voltage is called the induced current. 
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Figure 1388. Induced current. 


(3) If the conductor is held stationary in the 
magnetic field, the galvanometer needle 
will indicate zero, thus showing that no 
voltage is being induced in the conductor. 

(4) If the conductor is moved upward 
through the magnetic field, the galvanom- 
eter needle will again be deflected, but 
in the opposite direction to that of when 
the conductor was moved downward. 
This indicates that the polarity of the 
induced voltage has been reversed, thus 
reversing the direction of the induced 
current through the galvanometer. 

(5) If the conductor is moved in the field in 
a sidewise direction, from the north 
pole to the south pole of the magnet or 
.Vice versa, so that no lines of force are 
cut, the galvanometer needle will remain 
at zero, indicating that no voltage is 
being induced in the conductor. As the 
angle between the flux lines and the 
path of the conductor is increased, the 
deflection of the galvanometer needle 
increases until the maximum deflection 
is obtained when the conductor is 
swept through the magnetic field at 
right angles (90°) to it. 


c. If the polarity of the magnetic field is changed, 
that is, if the north and south poles of the magnet 
are interchanged, the polarity of the induced 
voltage will be reversed also. 


d. The above experimental facts lead to the 
conclusion that the conductor must cut through 
the magnetic field in order to have a voltage 
induced in it and, also, that the polarity of the 
induced voltage depends on the direction of 
motion of the conductor and the direction of the 
magnetic field. 


142. Left-Hand Generator Rule 


The relationship between the motion of the 
conductor, the magnetic flux it cuts, and the 
direction of the induced current is summed up by 
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the left-hand generator rule (fig. 134). With 
the thumb, forefmger, and middle finger of the 
left hand set perpendicularly to each other as 
shown, point the forefinger in the direction of the 
flux, and point the thumb in the direction of motion 
of the conductor; the middle finger will then point 
im the direction in which the generated or induced 

voltage tends to send the current through the circuit. 
MOTION 

OF MOTION 

OF 

CONDUCTOR 


CONDUCTOR 


CURRENT 
DIRECTION 


CURRENT 
DIRECTION 


GALVANOMETER TM 661-115 


Figure 134. Left-hand generator rule. 


143. Electromagnetic Induction Due to Cutting 
of Conductor by Magnetic Field 


a. It was shown previously that a voltage is 
induced in a conductor when it is moved through 
a magnetic field. The reverse of this is also true. 
That is, if the conductor in figure 133 is held 
stationary, and the magnet is moved so that its 
field cuts the conductor, a voltage will be induced 
in the conductor. In other words, it makes no 
difference if the magnetic field is kept stationary 
and the conductor cuts it in a downward direction, 
or if the conductor is held stationary and the 
magnetic field cuts it in an upward direction; the 
induced voltage and current will be exactly the 
same and have the same polarity. This is to be 
expected since the relative motion of the magnetic 
field with respect to the conductor is the same in 
either case. To apply the left-hand generator 
rule, however, it is always necessary to assume 
that the magnetic field is stationary and that the 
conductor is cutting it. 

b. Another example of inducing a voltage by 
cutting a conductor with a moving magnetic 
field is illustrated in figure 135. In this case, the 
conductor is a loop of wire, the ends of which are 
connected to a galvanometer. When a permanent 
bar magnet is thrust through the stationary loop, 
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the field of the magnet cuts the loop as shown, 
and induces a voltage init. The resulting current 
through the galvanometer causes a deflection of 
its needle. If the magnet is held stationary in 
the stationary loop, no voltage is induced. If 
the magnet is withdrawn from the loop, a voltage 
of opposite polarity will be induced in the loop. 

c. The principle of electromagnetic induction 
can then be stated as follows: Whenever there is 


relative motion between a conductor and a magnetic 
field, a voltage will be induced in the conductor; the 


motion may be produced either by moving the con- 
ductor through a stationary magnetic field or by 
making the magnetic field move through and cut a 
stationary conductor. The induced voltage is also 
referred to as the induced emf. 
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Figure 135. Inducing an emf. in a loop. 


144. Factors Determining Magnitude of In- 
duced Electromotive Force 


a. There are three factors that determine the 
magnitude (strength) of the induced emf. The 
first factor is the number of turns in the conductor. 
In figure 135, only one loop of wire is used. If 
two loops of wire are used it will be found that 
the motion of the magnet through the loops of wire 
will cause twice the deflection on the galvanometer 
that one turn will cause, everything else remain- 
ing equal. If more loops or turns of wire are 
added (fig. 136), the motion of the magnet will 
further increase the deflection of the galvanometer 
needle. It is apparent, then, that increasing the 
number of turns of wire increases the magnitude of 
the induced emf. The reason for this is that the 
turns of wire are actually connected in series and 
the induced voltages in each turn of wire are addi- 
tive. The total induced voltage is the sum of the 
voltages induced in the individual turns. 

b. The second factor in increasing the induced 
emf is to increase the strength of the magnetic 
field. This can be done by utilizing a winding 
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Figure 136. Inducing an emf..in a coil. 


around the magnet and making it an electromag- 
net with a greatly increased field strength (fig. 
137). The cutting of this field by a conductor will 
produce a greatly increased emf. Increasing the 
field strength increases the induced emf. 
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Figure 137. Increasing the field strength «increases the 
induced emf. 


c. The third factor that determines the mag- 
nitude of the induced emf is the speed of the rela- 
tive motion of the conductor and the magnetic 
field. If the conductor is passed through the 
magnetic field, first slowly and then rapidly, it 
will be found that a much greater emf is induced 
when the conductor is moved rapidly. Increasing 
the speed of the conductor (or magnetic field) in- 
creases the induced emf. 

d. Summing up, whenever there is a relative 
motion between a conductor and a magnetic field, 
the magnitude of the emf induced in the conductor 
is directly proportional to— 

(1) The number of turns in the conductor. 

(2) The strength of the magnetic field. 

(3) The speed of the relative motion between 
the conductor and the magnetic field. 


145. Explanation of Electromagnetic Induction 


a. In the preceding paragraphs, the principle of 
electromagnetic induction and the factors that 
determine the magnitude of the mduced voltage 
have been set forth, but no attempt has been made 
to show actually why there should be such a thing 
or phenomenon as an induced voltage. The cause 
of the induced emf is not very mysterious, but 
logically is derived from previously explained 
electrical principles. 

b. For example, consider the now familiar con- 
ductor cutting the stationary magnetic field as 
shown in A of figure 138. The direction of motion 
of the conductor is downward and the polarity of 
the induced voltage or emf is indicated. 

c. If an observer were stationed on the north 
pole of the magnet and could see lines of force, he 
would see the lines of force flowing from the north 
to the south pole as indicated in B of figure 138. 
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Figure 138. Electron theory of induced emf. 
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(The crosses represent lines of force flowing from 
the north tothesouth pole.) Theconductor is indi- 
cated as moving downward and cutting the lines of 
force or flux. B of figure 138, therefore, is only 
another view of the cutting of flux shown in A of 
figure 138. 

d. The conductor in B of figure 138 contains free 
electrons, one of which is indicated. When the 
conductor is moved downward through the mag- 
netic field, the free electrons in the conductor must 
necessarily move with the conductor. The direc- 
tion of motion of the free electron indicated in B of 
figure 138 is then downward as shown in C of 
figure 138. This electron is then a charge in motion. 

e. It was shown previously that a charge in 
motion produces a magnetic field about it (fig. 131). 
Therefore, there is a magnetic field about the 
moving free electron in C of figure 138, as indi- 
cated. The direction of this field is determined by 
the use of the left-hand rule. 

f. Note that at the right of the moving free 
electron its field is in the same direction as the 
field from the north to the south pole of the mag- 
net. The resultant magnetic field on the right 
side of the moving free electron is therefore 
strengthened. 

g. On the left side of the moving free electron, 
however, its field opposes the field from the north 
to the south pole of the magnet. The resultant 
magnetic field on the left side of the moving free 
electron is therefore weakened. 

h. Under these conditions, the moving free 
electron is urged from the strengthened part 
toward the weakened part of the field, or from 
right to left as shown in D of figure 138. Other 
free electrons in the conductor are displaced in the 
same manner, thus causing the left end of the con- 
ductor to have an excess of electrons and be nega- 
tively charged (E of fig. 138). The right end of 
the conductor has a deficiency of electrons and is 
positively charged. Note that the polarity of the 
charged ends of the conductor agrees with that in- 
dicated in A of figure 138 and also with the ex- 
perimentally determined polarity indicated in 
figure 133. 

i. In the conductor shown in E of figure 138, 
work was done in moving the electrons from right 
to left and a potential difference exists between the 
ends of the conductor. Actually, each electron is 
moved only an infinitely small distance and there 
is a potential difference across this small distance. 
However, this occurs all along the conductor and 
the individual potential differences add, since they 
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are in series, to produce an over-all potential dif- 
ference between the two ends of the conductor. 

4. This potential difference will be maintained 
as long as the conductor continues to move down- 
ward and keeps the negative and positive charges 
separated. The negative end of the conductor is 
at a lower potential with respect to the positive 
end of the conductors. For this condition, the 
conductor can be compared with a battery if an 
external circuit such as the galvanometer is con- 
nected to the ends of the conductor (fig. 137), 
current (electrons) will flow from the negative end 
of the conductor, through the galvanometer, to the 
positive end of the conductor. 

k. The’ force that causes electrons to flow 
through an electric circuit is called electromotive 
force (emf). Therefore, it is said that whenever 
there is a relative motion between a conductor and 
a magnetic field, an emf is induced in the conductor, 
rather than a potential across it. Actually, the 
maximum potential difference across the conductor 
is called the emf, and this maximum potential 
differenee appears only when no current is drawn 
by an external circuit. (When current is drawn, 
the potential difference across the conductor is 
always less than the emf induced in it.) Also, 
since emf is measured in volts, the induced emf is 
also referred to as the induced voltage. 

l. From the foregoing explanation of how an 
emf is induced in a conductor, it is evident that a 
complete circuit is not required. When there is 
no complete circuit, an emf is induced in the con- 
ductor but no current flows since there is no com- 
plete circuit through which current can flow. 
Thus, it is possible to have an induced emf without 
a resulting induced current. 


146. Faraday’s Law 


a. In the previous paragraphs, it was shown 
that a voltage was induced in a conductor moving 
with respect to a magnetic field. This result is 
actually a consequence of a more general experi- 
mental law which was first discovered by Faraday. 

b. If the total flux linking a circuit changes with 
tume, there will be an emf induced in this circuit. 
This is the law that will be used in developing the 
principles of mutual induction. Faraday also 
discovered that if the rate of flux change is in- 
creased, the magnitude of the induced emf is in- 
creased also. Thus, the induced emf depends on 
the following two factors: 

(1) Amount of flux linking the circuit. 
(2) Rate of change of flux linking the circuit. 


147. Inducing an Emf in a Neighboring Con- 
ductor (Mutual Induction) 


a. Consider the two coils shown in A of figure 
139. In coil (A), electrons are moving in the 
direction shown by the arrowheads and, therefore, 
constitute a current. From the work in electro- 
magnetism, it is known that this current will pro- 
duce a flux of magnetic field as shown in the dia- 
gram (A of fig. 139). If the current in coil (A) 
has a constant value, the number of flux lines pro- 
duced is fixed; but if the current in coil (A) is 
changed (for example, by opening the shorting 
switch), the number of flux lines created in coil 
(A) is decreased and consequently the flux linking 
coil (B) will decrease also. This changing flux 


in (B) will, as explained previously, induce an emf 
in coil (B), which is evidenced by the movement 
of the needle of the current indicating device (B 
of fig. 139). 
b. Thus, it is seen that energy can be trans- 
ferred from one circuit to another by the principle 
Ia 


Ta 


(A) 


of electromagnetic induction. The particular 
circuit shown is called a transformer. Obviously, 
if conditions are not changing in circuit (A), then 
no emf will be induced in (B). Now, when cur- 
rent begins to flow in coil (B), it sets up its own 
flux, a part of which will link coil (A) (B of fig. 
139). Notice that the direction of flux produced 
by the induced current in coil (B) is the same as 
that produced by coil (A). This is a general 
principle known as Lenz’s law and can be ex- 
plained physically. Suppose that J, were in- 
creased in the direction shown. Then the chang- 
ing flux linking (B) would induce a voltage in (B) 
and this voltage could produce a current J. 

ce. It is very important that the directions of the 
induced emf in coupled circuits be determined 
correctly (fig. 140): 

(1) Notice that the sense in which coil (A) 
is wound with respect to (6) is shown 
very clearly. The arrow through battery 
Ex, means that it is a variable source of 
voltage. 


GALVANOMETER ™ 


(B) 


GALVANOMETER ™ 


(B) 


B 
TM 661-311 


Figure 139. Electromagnetic induction. 
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Figure 140. Diagram illustrating Lenz’s law. 


(2) Suppose Ey, is increased; J, will increase 
in the direction shown and, therefore, ®4 
will increase. As explained before, this 
change causes an emf to appear in coil 
(B). From the physical considerations 
discussed previously, it is known that 
the emf induced in (B) is of such polarity 
as to produce a current creating a flux 
in a direction which opposes the increase 
in ®,. This means that ©; must be in 
the direction shown; applying the left- 
hand rule, it is seen easily that the flow 


of electrons in (B) must be as indicated G., 

by the arrow, Jz. It is known that a 

battery of polarity H, would give the NOTE: 

correct direction of current J,. Thus, Gear iGetr WU eORL COI 
the effects of the emf of mutual induction fest 

can be replaced by an equivalent bat- 

; : : = B 
tery, the magnitude of which is that of Pg EE AR RG Es BOON SO Cae 
the induced emf, and the polarity of 

a as : : ; = MUTUAL FLUX = 
which is chosen in accordance with Lenz’s Ay TM Cele 
law. Figure 141. Component fluxes of a transformer. 


d. In actual practice, of course, all the flux pro- aes, ‘ : 
duced by the primary current does not link all the mutual flux linking (A) and (B). This separation 


turns of the secondary; only a fraction of this flux °f the fluxes is shown in figure 141. 
is coupled into winding (B) from (A). This state- If ¢,=total flux produced by li, 


ment is also true as regards the flux linking (A) ¢z= total flux produced by Jy, 

from (B). Some of the flux produced by J, links 74=leakage flux of (A), 

(A) alone and some of the flux produced by (B) ¢éra=leakage flux of (B), 

links (B) alone. These fluxes are called leakage ¢as—flux which links (B) due to Jy, 
fluxes. The component transformer fluxes are the ¢z4—= flux which links (A) due to Js, and 
leakage flux of (A), the leakage flux of (B), and a éu=mutual flux, 
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then the relations between these quantities are— 
o4= bast Ora; 
bs=¢bnat doze, and 
éu= bast Opa- 


The last equation is merely a statement of the fact 
that the mutual flux is the sum of the flux linking B 
rom A plus the flux linking A from B. 

e. Since the emf induced in (B) by mutual induc- 
tion is the sum of the emf’s induced in the separate 
turns of (B), the greater the number of turns of 
coil (B), the greater the induced emf will be. Also, 
the amount of the flux linking (B) and the rate at 
which this flux is changing, will influence the mag- 
nitude of the emf of mutual induction. These 
factors are listed below: 

(1) Number of turns on secondary winding 
(B). 

(2) Amount of flux linking (B). 

(3) Rate of change of flux linking (B). 


148. Summary 


a. The principle of electromagnetic induction 
may be stated as follows: An emf is induced in any 
circuit in which the amount of flux linking it is 
changing with time. 

b. If a conductor is moving with respect to a 
magnetic field, there is an emf induced in the con- 
ductor which is directly proportional to the veloc- 
ity of the conductor with respect to the field. 

c. For a given velocity of conductor and direc- 
tion of magnetic field, the polarity of the induced 
emf is given by the left-hand rule. 

d. Lenz’s law, which is merely a restatement 
of the principle of conservation of energy, states 
that the direction of the induced emf in a circuit 
is such that it tends to produce a current, the 
direction of which is such as to create a flux which 
is in opposition to the change in flux which was 
responsible for the induced emf. 

e. The voltage induced in a coil by induction is 
proportional to the number of turns of the coil, 
the magnitude of the inducing flux and the rate 
of change of this flux. 


149. Review Questions 


a. State the principle of electromagnetic in- 
duction. 

6b. When a conductor cuts a magnetic field, 
does the polarity of the induced voltage depend 
on the direction of motion of the conductor and 
the direction of the magnetic field? Explain. 

c. State the left-hand generator rule. Give an 
example. 

d. State three factors upon which the emf 
induced in a conductor depends. 

e. Can there be an induced current without an 
induced emf? Can there be an induced emf 
without an induced current? Explain. 

jf. Define mutual induction and give an example. 

g. When a current varies in strength, what 
happens to the magnetic field around it? 

h. What happens when a conductor is placed 
in a moving magnetic field? Near a conductor 
through which the current is changing? 

7. Is there an emf induced in a conductor 
whenever there is a change in the magnetic flux 
linked with it? Why? 

7. Can current be induced by current? Explain. 

k. If the direction of the induced current in a 
conductor is known, how can the polarity of the 
induced voltage across that conductor be 
determined? 

1. If the current in the primary is constant, 
does the magnetic flux that links the secondary 
also remain constant? 

m. What is the only way that the magnetic 
flux that links the secondary can induce a voltage 
in it? 

n. Give three ways of reversing the polarity 
of the induced voltage in the secondary. 

o. State three factors upon which the emf 
induced in the secondary depends. Compare with 
the answer to question 4. 

p. What happens to the magnetic field about 
a conductor or a coil when the current through 
the conductor or coil stops flowing? 
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CHAPTER 12 
INDUCTANCE 


150. Self-Induction 


It has been shown in chapter 11 that if the 
magnetic flux linking a circuit changes, an emf is 
induced in, the circuit. Now suppose we have a 
coil wound on a core as shown in figure 142. 

a. The current flowing through the coil pro- 
duces a flux in the direction shown by the arrows. 
If the voltage # is increased, the current J will 
also increase, and this, in turn, will cause an in- 
crease in flux linking the coil. The change in flux 
linking the coil induces an emf in: the coil which 
tends to oppose the increase in flux. From the 
principles developed in chapter 11, we know that 
the effect of this induced emf can be replaced by 
an equivalent battery having the polarity shown 
in figure 142. Notice that the polarity of this 
equivalent battery voltage is opposite to that of 
the driving voltage EL. This emf of induction is 
spoken of as the emf of self-induction, or cemf 
(counter emf). In other words, a change of current 
flowing through the coil produces an induced emf 
in the coil. By Lenz’s law, we know that the 
polarity of this emf of self-induction is such that, 
at every instant of time, it opposes the change in 
flux. Since the flux is proportional to the current 
(in air core and iron core coils without saturation), 
the induced emf tends to oppose any change in cur- 
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ru EQUIVALENT BATTERY 


rent.. Obviously, the greater the number of turns 
in the coil, and the more rapidly the current 
changes (thus the more rapidly the flux changes), 
the greater will be the cemf, or emf of self-induction. 
The factors on which the cemf depend are— 

(1) The number of turns on the coil. 

(2) The rate of change of current. 

(3) The geometry of the circuit and the 

material from which the core is made. 


Note. The geometry of the circuit means the 
cross-sectional area of the core and the length 
of the core (in the case of air core, the length 
of the flux lines). 


6. Since a given magnetomotive force acting 
on an iron core produces a much greater flux than 
when it acts on an air core, the kind of material 
used for the core is important. A greater flux will 
mean a larger induced emf; therefore, the cemf 
depends on the permeability of the medium. It 
has been found that the cemf can be expressed 
by the following equation: 

(Cemf) equals —L X (rate of change of cur- 
rent), where L is the coefficient of self-induction. 

Note. The negative sign indicates that when the current 
is decreasing (rate of change of current is negative), the 


cemf is positive; when the current is increasing (rate of 
change of current is positive), the cemf is negative. This 
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Figure 142. Equivalent battery used to represent the effects of the induced emf. 


is in accordance with Lenz’s law. Thus, the factors upon 
which the coefficient of self-induction depend are— 

(1) The number of turns. 

(2) The cross-sectional area ot the core. 

(3) The length of the core. 

(4) The permeability of the core. 


c. For a coil wound on the core shown in figure 
143, the inductance ZL is given by the following 
formula: 


2 3) 
jigs aL henrys, 


where L=inductance.in henrys, 
u=permeability of core material, 
A=cross-sectional area of core in cm? (fig. 
143), 
N=number of turns, and 
/=mean length of core in em (fig. 148). 


Note that the inductance varies directly as the square 
of the number of turns. 'Thus, doubling the number 
of turns quadruples the inductance L. 

d. In summarizing, we may say that all covls 
have the property of tending to prevent any current 
changes. This property is called the inductance 


and depends upon the geometry of the coil. 


CROSS-SECTIONAL AREA OF CORE = bxd 
MEAN LENGTH OF CORE = & 
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Figure 143. Coil wound on tron core of dimensions b, d, and l. 


151. Inductance 


a. A device which possesses inductance is called 
an inductor. For example, a coil is an inductor. 

b. The greater the cemf produced in a circuit, 
the greater is the opposition to a change of current 
in that circuit. Therefore, the cemf produced by 
a specified change of current is a measure of the 
inductance of a circuit. This measure is expressed 
in henrys. <A circuit has an inductance of 1 henry 
when a current change of 1 ampere-per-second causes 
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a cemf of 1 volt to be induced in it (A of fig. 144). 
As a formula, 


induced voltage H 
(in volts) 
rate of change of current 
(in amperes per second). 


Inductance L (in henrys) = 


For example, if the current in a circuit is changing 
at the rate of 1 ampere per second, and the induced 
voltage is 2 volts, the inductance is 2 henrys 
(B of fig. 144). To take another example, sup- 
pose the current in a circuit or coil changes from 
4 amperes to 7 amperes in 1 second, which is a 
rate of change of 3 amperes per second, and the 
induced voltage is 6 volts; the inductance is then 
6 divided by 3, or 2 henrys. 


CEMF EQUALS | VOLT 


CURRENT INCREASING | AMPERE 
PER SECOND 


DEFINITION OF A HENRY A 


CEMF EQUALS 2 VOLTS 


CURRENT INCREASING | AMPERE 
PER SECOND 


TWO HENRYS B 
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Figure 144. Cemf developed across inductances of 1 henry (A) 
and 2 henrys (B). 


c. In figure 144, the larger inductor is indicated 
by more turns of wire. This method is not com- 
monly used to indicate relative amounts of induct- 
ance. A method in general use is to use the same 
number of turns for various values of inductance 
and label each inductor with its correct value. 
Since radio circuits use inductors as large as 100 
henrys and as small as one-millionth of a henry, 
the millihenry (mh) representing one-thousandth 
of a henry, and the microhenry (uh) representing 
one-millionth of a henry, are used frequently. 

d. Rearranging the above formula for induct- 
ance, induced voltage==inductance X rate of 
change of current, or more simply, 


e=L X rate of change of current. 


The usefulness and importance of this formula is 
immediately apparent since it gives the value of 
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the induced voltage e when L and the rate of 
change of current are known. For example, if 
the current through a coil changes from 5 amperes 
to 7 amperes in 1 second, or a rate of change of 2 
amperes per second, and the inductance is 8 henrys, 
the induced voltage is 8 times 2 equals 16 volts. 
The formula shows that increasing either ZL or 
the rate of change of current increases the induced 
voltage. Likewise a decrease in either LZ or the 
rate of change of current decreases the duced 
voltage. 

e. The student will find that the inductance and 
rate of change of current for a particular circuit 
usually is known and, for this reason, the above 


formula is used to analyze the behavior of electrical | 


circuits. To further simplify and shorten this 
formula, the expression rate of change of current has 


been replaced by the symbol ae The formula is 
then— 
di 
e= 1b at 


f. It will be recalled however, that the voltage 
induced in the coil is a cemf which opposes the 
change of current. To indicate this, a minus sign 
is placed in front of the right-hand side of the 
equation which then reads 


where ¢ equals the induced voltage, 
LI equals the inductance, and 
- equals the rate of change of current (5 
actually represents a small change in cur- 


rent di which takes place within a certain 


small interval of time at); 


The minus sign does not mean that the induced 
voltage ¢ is negative but merely means that e 
opposes the change of current. 

g. This formula applies to any induced voltage 
when the induced voltage is in the same circuit or 
coil in which the current is changing. The 
di 
dt 
change of current, describes the rapidity . with 
which the magnetic field or flux changes and cuts 
the conductor, in this case, the inductor whose 
value of inductance is Z. The more rapid the 
cutting, the greater the induced voltage. 
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formula is simple to visualize since —; the rate of 


152. Growth and Decay of Current in Inductive 
Circuits 


a. Now that the concepts of cemf and induct- 
ance have been discussed, it is easy to analyze what 
goes on when current increases in a circuit con- 
taining inductance. Consider the circuit of A of 
figure 145 where a battery (£) is connected in 
series with a coil (LZ), a resistor (R), and a switch. 
To simplify matters, assume that the resistor & 
includes all the resistance in the circuit, that is, the 
resistance of any resistors in the external circuit, 
the resistance of the battery, and the resistance of 
the windings of the coil. 
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Figure 145. Analysis of circuit containing L and R. 


b. When the switch is closed, the current in the 
circuit does not immediately jump to its final 
steady value because of the cemf in the coil, but 


_ rises as shown by the current growth curve in B 


of figure 145. During the time that the current 
is rising or increasing in strength, there are three 
voltages in the circuit: 

(1) The applied battery voltage FE. 


(2) The JR drop across resistor R. 
(3) The cemf, Z 3 across the coil. 

c. According to Kirchhoff’s second law (app. 
Ill), the sum of all the voltage drops in any cur- 
rent path must equal the voltage applied to that 
path. This means that the battery voltage H 
must equal the sum of the JR drop across the re- 


sistor R and the cemf pu across the coil. In 


dt 


equation form, 


battery voltage H=J/R drop across resistor + cemf 
across coil or more simply 


di 
B—IR+L, 


where F is the applied voltage, 
I is the current at any instant, 
R is the total resistance in the circuit, 
L is the inductance of the coil, 

we is the rate of change of current. 


dt 


This equation, which is a generalization of 
Ohm’s law to include inductance in a circuit, ex- 
presses the conditions for any instant in the cir- 
cuit. It shows that part of the battery voltage 
is used to force current through the coil against 
the cemf caused by the increasing current, and 
that the remainder of the battery voltage is used 
to force current through the resistance of the 
circuit. 

d. To illustrate this, suppose that the values of 
battery voltage, coil inductance, and circuit re- 
sistance are 100 volts, 2 henrys, and 10 ohms, 
respectively (A of fig. 145). At the instant the 
switch is closed, at time zero (B of fig. 145), the 
current in the circuit starts to increase from zero. 
At this time, there is no JR drop across the resistor, 


and the cemf ee is equal to the applied ees 


voltage of 100 volts. Since Lis 2 henrys 


Me “ (the 


rate of change of current), must be 50 amperes per 
second. That is, in changing from zero current 
to some value of current, the rate of change of 
current at the instant the switch is closed is 50 
amperes per second. 

e. The current increases with time, as shown. 
For example, at time 1, the current is 4 amperes. 
The JR drop is then 4 times 10 equals 40 volts. 
From the equation in C of figure 145, it is evident 
that if the applied voltage / is 100 volts and the 


IR drop is 40 volts, the voltage across the coil, ip ; 


equals 60 volts. That means that 60 volts of 
100-volt battery voltage is being used to overcome 
the cemf in the circuit, and that 40 volts is being 
used to force current through the resistance f. 


Also, since Be is 60 volts, and since Lis 2 henrys, 


it follows that B is 60/2 equals 30 ampers’ per 


second. That is, at time 1, the current is changing 
at the rate of 30 amperes per second. 

f. At some later time (time 2 in B of fig. 145), 
the current increases to 8 amperes. The JR 
drop across F is then 8 cane 10 equals 80 volts. 


Since EF is 100 volts, pee 7 (C of fig. 145) is 100 


minus 80 equals 20 hs This means that, at 
time 2, only 20 volts of the 100-volt battery is 
being used to overcome the cemf in the circuit 
and that 80 volts is being used to make current 
flow through the resistance R. In addition, since 


ne equals 20 volts, and LZ equals 2 henrys, S ; 


equals 20/2 or 10. At time 2, then, the rate of 
change of current is 10 amperes per second. 

g. From the foregoing, it is evident that as the 
amount of current in the cirewt increases, the rate 
of current increase becomes smaller, the, voltage 
across the resistance R increases, and the cemf 
across the coil decreases. This bears out the 
previously stated fact that as the rate of increase 
of current becomes smaller, the cemf induced is 
smaller. Finally, at time 3, the current reaches 
its final value, the magnetic field about it ceases 
to fluctuate, there is no cemf induced in the coil, 
and the full battery voltage of 100 volts appears 
across the resistance R. The steady value of 
current is then, by Ohm’s law, the battery voltage 
divided by the value of resistance or 100/10 equals 
10 amperes. This is the maximum current that 
can flow in the circuit. 

h. When L is small, the current in the circuit 


rises rapidly because the cemf, Z —, is correspond- 


di 
dt 
ingly small. When ZL is large, the cemf is corre- 
spondingly larger, and the current therefore rises 
slowly. Figure 146 shows how the rise of current 
is affected if the inductance value is changed and 
the applied voltage and circuit resistance is kept 
constant. For the particular circuit chosen, with 
an inductance of 1 henry, the current increased to 
10 amperes in 5 seconds. For an inductance of 10 
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Figure 146. Value of inductance in a circuit containing L and 
R affects time required for current to reach its maximum 
value’ 
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Figure 147. Analysts of circuit containing L and R. 
henrys, however, it takes about 45 seconds for the 
current to increase to this amount. When the 
inductance is further increased to 20 henrys, it 
takes 60 seconds for the current to increase to 10 
amperes. Increasing the inductance in a circuit, 
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therefore, decreases the rate at which the current will 
rise, and increases the time necessary for the current 
to reach its final steady value. 

i. Starting a current in an inductive circuit 
causes a cemf to oppose it; stopping a current causes 
an emf to make the current persist for a small 
period of time before coming to rest at zero. The 
shape of the current decay curve is the inverse of 
the current growth curve. A of Figure 147 shows a 
battery H furnishing a steady 10-ampere current I 
to the inductance LZ and resistance R. The 100- 
volt battery voltage appears across resistor R; no 
voltage appears across inductance L. If the switch 
is opened instantaneously at X and closed at Y, 
battery voltage ’ will be removed from the circuit 
and Z and F will form a closed circuit (B of fig. 
147). Since there is no battery in the circuit, the 
current will attempt to drop to zero immediately. 
The collapsing magnetic field about the coil, how- 
ever, cuts it and induces in it an emf which tends to 
maintain the flow of current. Therefore, at time 
zero (C of fig. 147), when the switch is closed, the 
current remains at 10 amperes, and the /R drop 
across the resistor remains 100 volts, since 10 
amperes times 10 ohms equals 100 volts. But refer- 
ence to B of figure 147 shows immediately that if 
100 volts appear across F&, 100 volts also appear 
across L. In other words, the induced voltage 
L S is equal to the battery voltage which appears 
as an JP drop across R. As a formula, 

di 
—L =F =Ih- 
di 


dt 


The minussign merely indicates that — is decreasing. 


7. Since at time zero, — L equals 100 volts, and 
since L is 2 henrys, = is 100/2 equals 50 amperes 
per second. That is, the current starts to decrease 
from 10 amperes at the rate of 50 amperes per 
second. 

k. When the current falls to 6 amperes at time 1 
(C of fig. 147), ZR equal 6 times 10 equals 60 volts. 


Since F? is connected across L (B of fig 147), —L 


also equals 60 volts. With Z equal to 2 henrys, 
di 
at 
30 amperes per second. 
l. When the current falls to 2 amperes at time 2, 
the JR drop is 2 times 10 equals 20 volts and this 


, the rate of decrease of current, is 60/2 equals 


$ 


is also the induced voltage —L a Since L is 2 


henrys, is 20/2 equals 10-amperes per second. 


m. It is evident then that as the amount of current 
decreases, the rate of decrease of current decreases, 
and the equal and opposite voltages across R and 
L also decrease. This keeps on until the current 
decreases to zero at time 3, at which time thereisno 
current or voltage in the circuit. 

n. Furthermore, just as increasing the induct- 
ance in a circuit decreases the rate at which the 
current will rise (fig. 146), increasing the induct- 
ance also decreases the rate at which the current 
will decay or fall (fig. 147). 


153. Development of High Induced Voltages 
when an Inductive Circuit is Completely 


Broken 


a. The magnitude of self-induced voltages can 
be extremely great even though the source of 
voltage is very low. For example, consider the 
circuit in figure 148 which consists of a 6-volt 
battery, a switch, and a 102-henry coil of very 
many turns wound on a soft iron core. The 
resistor R represents the resistance of the wind- 
ings of the coil. 
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Figure 148. Circuit used for explanation of the development 
of high induced voltage. 


6. At the instant the switch is closed, 6 volts of 
. cemf will appear across the coil. Then, if the 
switch is opened, the induced emf in the coil can 
rise to several hundred volts. Since the resistance 
of the battery is practically negligible, this volt- 
age appears across the switch and causes a strong 
spark to jump from one terminal of the switch 
to the other. The energy in the spark is liberated 
in the form of heat and can cause serious burns. 
The switch contacts also can be damaged by the 
excessive heat. Furthermore, the voltage across 


the coil may be strong enough to puncture its 
insulation. For these reasons, circuits such as the 
field windings of generators and motors should 
never be broken in this way. 

c. The reason that the induced emf is greater 
when the switch is opened than when it is closed 
is simple. At the instant the switch is closed, the 
current starts to increase from zero. At this time 
there is no JR drop across the resistor, and the 


cemf L a is equal to the applied battery voltage 
of 6 volts. Since Z is 102 henrys ut is 6 divided 


oat 

by 102, or 1/17 ampere per second. That is, the 
current starts to increase at the rate of 1/17 
ampere per second. 

d. After a small interval of time, the current 
rises to its final steady value, a value determined 
by the resistance of the windings of the coil. 
The magnetic field about the coil is then fully 
established and steady. If the switch is now 
opened, one side of the battery is disconnected 
and there is no complete path through which the 
current can flow. As a result, the current stops 
flowing almost immediately and the magnetic 
field about the coil collapses, cuts it very rapidly, 
and induces a voltage init. Suppose, for example, 
the rate of decrease of current is about 6 amperes 
per second. With - equal to 6, and with Z equal 
di 
dt 
times 102 equals 612 volts. The induced voltage 
is therefore much greater when the switch is 
opened than when it is closed. 

e. The above explanation also accounts for the 
fact that a spark is observed when a complete 
circuit is broken by pulling out a plug from an 
electrical outlet. This method of developing a 
high voltage from a 6-volt source is used in the 
spark coil circuits of automobiles. 


to 102 henrys, the induced voltage Z — equals 6 


154. Types of Inductors 


a. An inductor is a device, the primary purpose 
of which is to introduce inductance into an electric 
circuit. In radio sets, inductors, are used for 
many varied purposes such as to couple energy 
from one circuit to another, match impedances, 
tune resonant circuits, remove hum, step-up volt- 
ages, etc. For this reason, inductors are manu- 
factured in many sizes and shapes, depending on 
the function for which they are designed. 
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Figure 149. Types of inductors. 
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b. Inductors are either fixed or adjustable (vari- 
able). Most of the coils used in radio work are of 
the fixed type. A of figure 149 shows a large air 
core fixed inductor which is used in a radio trans- 
mitter. The symbol for an air core fixed inductor 
is shown also. 

c. Fixed iron-core inductors are used, generally 
in power supply circuits. Such inductors are 
called chokes and reactors. A typical iron-core 
inductor and its symbol are shown in B of figure 
149. 

d. Adjustable or variable inductors found in 
modern radio equipment are of two main types. 
The first type consists of a coil which is provided 
with several taps and a switch, or clip, so that 
the inductance can be adjusted in several steps. 
This type is found mainly in the antenna circuit 
of radio transmitters where it is desirable to ad- 
just the inductance of the coil to suit the varying 
requirements of different antenna lengths. In the 
second type, the inductor is provided with a mag- 


netic core which can be moved in or out of the > 


core by an adjustment screw. C of figure 149 
shows this type of adjustable inductor and its 
symbol. The coil form is shown cut away in order 
to show the magnetic core or slug. This type of 
inductor is usually referred to as slug tuned or 
permeability tuned. 


155. Mutual Inductance 


a. When the circuits involved include a primary 
and secondary coil, an increase of current in the 
primary coil induces a voltage in the secondary 
coil. This induced voltage, in turn, induces a cur- 
rent in the secondary and creates a magnetic field 
which cuts the primary coil and induces a voltage 
in the primary. By applying the left-hand gen- 
erator rule it can be shown that this induced 
voltage in the primary tends to send current 
through it in a direction which opposes the orzginal 
increase of current through it. 

b. Thus the circuit composed of the primary 
and secondary coil, acting together, possesses the 
property of opposing a change in the amount of 
current flowing in the primary coil. Since in- 
ductance is the property of a circuit that opposes 
any change in the amount of current in it, the 
primary and secondary coil acting together possess 
inductance. 

c. To distinguish between the inductance of a 
single coil and the inductance between two coils 
acting together, the inductance of a single coil is 


referred to as self-inductance whereas the induct- 
ance between two coils is termed mutual induct- 
ance. 

d. Just as with self-inductance, mutual induct- 
ance is measured in henrys by the emf produced 
by a specified change of current. For mutual in- 
ductance, however, the emf is induced in the sec- 
ondary by a changing current in the primary. 
The mutual inductance between two coils is 1 henry 
when a current change of 1 ampere per second in the 
primary induces an emf of 1 volt in the secondary. 
As an equation, 

Induced voltage e in 
secondary (in volts) 


Rate of change of cur- 
rent in primary (in 
amperes per second) 


Mutual inductance M= 
(in henrys) 


For example, if the current in the primary changes 
from 4 to 8 amperes in 1 second, which is a rate 
of change of 4 amperes per second, and the re- 
sulting induced emf in the secondary is 12 volts, 
the mutual inductance is 12/4 equals 3 henrys. 

e. Rearranging the above formula for mutual 
inductance, 


induced voltage=mutual inductance X rate of 
change of current. 


or more simply 


where—e equals the induced voltage in the sec- 
ondary, 
M equals the mutual inductance, and 


d . 
= equals the rate of change of current in 
the primary. 


This formula is extremely helpful since it clearly 
and simply describes how much voltage is in- 
duced in the secondary of two magnetically 
coupled circuits, and upon what factors this volt- 
age depends. 

jf. For example, if the mutual inductance be- 
tween two coils is 8 henrys, and the primary cur- 
rent is changing from 2 to 4 amperes in 1 second, 
which is a rate of change of 2 amperes per second, 
the induced voltage in the secondary is 8 times 
2 equals 16 volts. 

g. The formula also shows that an increase in 
either the mutual inductance or the rate of change of 
current in the primary will cause an increase in the 
induced voltage in the secendary. 
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156. Factors Affecting Mutual Inductance 


a. Since the mutal inductance is so important 
in determining how much voltage is induced in 
the secondary of two magnetically coupled coils, 
the question then arises: ‘‘What does themutual 
inductance depend on—what determines its mag- 
nitude?”’ The answer is that mutual inductance 
depends on— 

(1) The number of turns in the primary coil. 

(2) The number of turns in the secondary coil. 

(3) The relative position of the two coils. 

(4) The magnetic permeability of the medium 
between the coils. 

b. The first two factors are understandable since 
the number of turns affect the amount of emf in- 
duced for a specified change of current; the mutual 
inductance is therefore affected. 

c. The third factor, the relative positions of the 
two coils, is also easy to comprehend. Consider 
the primary and secondary coils in A and B of 
figure 150. All four coils are of equal inductance, 
but the coils in B of figure 150 are spread further 
apart than the coils in A of figure 150. Therefore, 
if the same magnitude of current is flowing in 
both primary circuits, for example 5 amperes, the 
steady magnetic field about the secondary coil in 
A of figure 150 will be stronger than the steady 
magnetic field about the secondary coil of B of 
figure 150. This is so because the strength of the 
magnetic field about a coil decreases as the dis- 
tance from the coil increases. Then, if the cur- 
rent in both primary coils changes an equal 
amount, for example, 2 amperes per second, a 


greater emf will be induced in the secondary coil 


of A of figure 150 than in the secondary coil of 
B of figure 150 since the stronger the field that 
cuts a conductor or coil, the greater is the induced 
emf. But, since the induced emf in the secondary 
for a specified change of current in the primary is 
the measure of mutual inductance, it follows that 
the mutual inductance is greater between the coils 
in A of figure 150 than between the coils in B of 
figure 150. In other words, two parallel coils have 
greater mutual inductance when they are closer together 
than when they are apart. 

d. If the two coils are positioned as illustrated 
in C of figure 150, no resultant voltage appears 
across the secondary as previously indicated. 
The mutual inductance between the two coils is 
then zero. 

e. The fourth factor, the magnetic permeability 
of the medium between the two coils, is also easy 
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Figure 150. Physical relationship of two coils affects their 
mutual inductance. 


to understand. It will be recalled that the 
permeability of a substance is the ratio of the 
number of lines of flux which pass through a given 
space when it is occupied by that substance, to 
the number of lines of flux passing through that 
space when it is occupied by air. In figure 151 
two coils are wound on an iron core which has a 
permeability of 2,000. As a result, practically 
all the lines of flux due to a steady current in the 
primary will travel through the iron eore rather 
than through the air, which has a reluctance 
2,000 times greater than air. In traveling through 
the core, these lines of flux thread the secondary 
and represent a very strong stationary magnetic 
field. 

f. If the iron core is omitted, however, the 
lines of flux would have to travel through air in 
order to thread the secondary. Since the permea- 
bility of air is 1, and the permeability of the iron 
core is 2,000, the magnetic field about the second- 
ary will only be about 1/2,000 as strong as it was 
previously. In other words, the type of medium, 
such as air or iron, determines the strength of the 
magnetic field about the secondary due to a 
steady current in the primary. Then, if the current 
in the primary changes a like amount for the 
instance in which the medium is air and for the 
instance in which the medium is the iron core, it 
is evident that the stronger magnetic field due to 
the iron core will induce a greater emf in the 
secondary than the weaker magnetic field when 
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Figure 151. High permeability of iron core produces high 
mutual inductance for primary and secondary windings. 


air, or an air core, is used. Since the induced emf 
in the secondary for the same change of current 
in the primary is greater when the medium is iron, 
the mutual inductance is also greater when the 
medium is iron. Thus the magnetic permeability 
of the medium between two coils affects their 
mutual inductance. 


157. Coupling 


a. One of the commonly used methods of 
transferring energy from one circuit to another is 
by making use of mutual inductance between two 
coils. The amount of energy that can be trans- 
ferred depends on how much of the magnetic 
flux of the two circuits is common to both coils. 
The student should not make the mistake of 
assuming that maximum energy transfer will be 
achieved if all the flux created by the primary 
links the secondary. Obviously, as soon as current 
begins to flow in the secondary this current will 
produce its own flux which will induce an emf in 
the primary which modifies the primary current. 
Because of this mutual interaction between 
primary and secondary the amount of energy 
transferred will depend very intimately on the 
degree of coupling from primary to secondary and 


the degree of coupling from secondary to primary, 
these two not being necessarily equal. As an 
illustration of the fact that the two degrees of 
coupling are not always equal, see figure 152. 

b. From the diagram it is seen that all the flux 
lines produced by coil No. 1 link all the turns of 
coil No. 2, but that not all the flux lines produced 
by coil No. 2 link all the turns of coil No. 1. In 
other words the coupling from 1-2 is not the same 
as the coupling from 2-1. Maximum coupling is 
attained when all the flux produced by the primary 
links all the turns of the secondary and vice-versa. 
In this case the coupling coefficient is said to be 
unity or 100 percent. In practice it is impossible 
to get unity coupling, but by the use of iron core 
transformers, couplings as high as 99 percent are 
attained. Naturally one would expect that the 
mutual inductance of two coils should in some way 
depend on their coupling. Actually, this has been 
found to be the case and the formula giving its 
value is— 


M=K-+L,L, 
ies Vk ks, 


L,=self-inductance of the primary, 

L,=self-inductance of the secondary, 

k,=the fractional amount of flux created by the 
primary current which links all the turns of the 
secondary, and 

k,=the fractional amount of flux created by the 
secondary current which links all the turns of the 
primary. 


Thus, using the formula for calculating the emf 


induced in the secondary, = M ee and the ex- 


pression for K= k,k,, it isseen that K can be very 
small if either k, or k, is very small. Therefore the 


f 


Figure 152. Flux linkage determines coefficient of coupling. 
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emf induced in the secondary can be very small 
and consequently the energy delivered to the 
secondary can be negligible. Of course neither k, 
nor k, can be greater than one, since, at best, all 
the flux from a coil can link all the turns of the 
other. For unity coupling, 


K=1 and M= 7L,XL, 


158. Ignition System 


Using the principle of mutual inductance, en- 
gineers have developed the gasoline engine ignition 
system, which has made the modern automobile 
possible (fig. 153). The main shaft of the engine 
controls a cam, which activates a breaker and this 
in turn opens and closes the pownts. This assembly 


in an automobile is known as a distributor. Its 
function is to act as a switch. The primary of the 
coil comprises a few turns of heavy wire, and the 
secondary is composed of many turns of fine wire, 
both being wound on the same iron core. The coil 
is designed to have a high mutual inductance and a 
high step-up voltage ratio from primary to second- 
ary. During the time that the points are closed, 
the battery sends current through the primary 
winding and this creates a magnetic field which 
links the secondary winding. When the points 
are opened by the action of the cam, the current 
flow in the primary winding is suddenly inter- 
rupted, which causes a rapid collapse of the mag- 
netic field. From our study of mutual inductance, 
we know that the voltage induced into the second- 
ary winding will be— 


E (voltage induced into the secondary) = (mutual inductance) oe (rate of current change in primary). 


Thus, a rapid change of current in the primary 
winding will induce a very high voltage in the 
secondary winding. In fact, several thousand 
volts may be developed. This high voltage is able 
to jump the gap in the spark plug, igniting the 
gasoline mixture in the engine. Although ca- 
pacitors have not been studied at this point, it is 
sufficient to say that the capacitor across the points 
acts to aid and speed the collapse of the magnetic 
field of the primary winding and to prevent spark- 
ing across the points. 


159. Inductors in Series and in Parallel 


a. Inductance has been defined as the property 
of any circuit which opposes a change in the 
amount of current flowing through it. When in- 


CAPACITOR 


CAM 
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ductors are connected in series in a circuit, each 
inductor helps to oppose any change of current 
in that circuit. Thus the total inductance of several 
inductors connected in series is equal to the sum of 
the individual inductances (A of fig. 154). For 
example, if the inductances are 4, 2, and 8 henrys 
the total inductance is— 


Lerota=1,+ £.+ £,=4+2+8= 14 henrys. 


This formula only applies when there is no magnetic 
coupling between the inductors. 

b. When resistors are connected in parallel, the 
smallest resistor effectively shorts out the larger 
resistors and most of the current flows through it 
since it offers the least opposition. Likewise, 
when inductors are connected in parallel, and the 
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Figure 153. Ignition system. 
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current in the circuit is increased or decreased, 
each inductor individually opposes the change in 
current, and the current then chooses that path 
that offers least opposition. This path is the 
path of least inductance. A smaller amount of 
current also flows in each of the other paths or in- 
ductors. The total mductance of mductors con- 
nected m parallel is then somewhat smaller than 
the smallest inductance just as the total resistance 
of resistors connected in parallel is smaller than 
the smallest resistance. The formula for calculat- 
ing total inductance of inductors connected in 
parallel therefore is similar to the formula for 
calculating the total resistance of resistors in 
parallel. Jf there is no coupling between inductors 
onnected in parallel, the total inductance rs equal 


c 
to thNsum of the reciprocals of the mdividual induct- 


ances (B of fig. 154). For example, if the parallel 
inductances in B of figure 154 are 2, 6, and 3 
henrys, the total inductance is: 


1 
1 i il 
he 7. 


Lio toteen 


| 


DID Hnilorle 


=1 henry. 


c. To avoid complicated fractions, it is simpler 
to use the product over the sum method just as 
with resistors in parallel. The total inductance 
of two inductors connected m parallel, and not 
magnetically coupled, is equal to their product 
divided by their sum: 

eu Hees 
Total > dij ste ie 


Applying this formula to the above example, the 
total inductance of the 6- and 3-henry inductors 
in parallel is— 

6X3. 18 


1 i Toreiga Tiere henrys. 
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INDUCTORS IN PARALLEL 
(NO MAGNETIC COUPLING) B 
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A. Inductors in series. 
B. Inductors in parallel. 


Figure 154. 


Combining this inductance with the remaining 
parallel inductance of 2 henrys, using the same 
method, the total inductance is— 

her 


242 Soa re 1 henry. 


Lrota= 
This result is the same as that arrived at by the 
use of the reciprocal formula and involves less 
complicated fractions. 

d. When there is magnetic coupling between 
the inductors, however, the above formulas 
must be modified since the total inductance will 
be more or less, depending on whether the mag- 
netic fields of the two inductors are in a direction 
such as to aid or oppose each other. A of figure 
155 shows two inductors connected in series with 
aiding magnetic fields. B of figure 155 shows the 
same two inductors connected in series with 
opposing magnetic fields. 

e. The effect of the magnetic coupling is to add 
or subtract mutual inductance to or from the total 
series inductance. For two inductors connected 
in series with their magnetic fields aiding, the total 
inductance is— 


Praia ly ie Po, 


where L equals the total inductance, LZ; equals 
one of the inductances, 2 equals the other induct- 
ance, and M equals the mutual inductance 
between LZ, and Lo. 

For two inductors connected in series with their 
magnetic fields opposing, the total inductance is— 


Lrotet= I, +I,— 2M. 
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B. Opposing fields. 


Figure 156. 


A. Aiding fields. 


f. The fact that the over-all inductance of two 
series-connected magnetically coupled inductors 
can be varied by making their fields aid or oppose 
each other is taken advantage of in the construc- 
tion of a variable inductor called a variometer. 
The variometer (A of fig. 156) usually consists of 
two coils connected in series, and is so constructed 
that one coil may be rotated within the other. 
Depending on the relative position of the coils 
with respect to each other, their fields aid or 
oppose each other and their over-all total induct- 
ance is consequently variable. The maximum 
variation of inductance is four times the mutual 
inductance. 

g. The symbol for a variable air-core inductor 
is shown in B of figure 156. It is generally used 
to indicate any type of variable air-core inductor 
including the variometer. However, when it is 
desired to specifically indicate a variometer, the 
symbol in C of figure 156 is used. 


160. Summary 


a. A circuit is said to have self-induction if any 
change in current flowing in the circuit gives rise 
to an emf tending to prevent this change. 


144 


VARIOMETER 


SYMBOL FOR VARIABLE AIR CORE INDUCTOR 


B 

SYMBOL FOR VARIOMETER 
C 
TM 661-142 


Figure 156. Variable inductors. 


b. A circuit is said to have self-inductance if it 
possesses the property explained in a above. 

c. A circuit has an inductance of 1 henry when a 
current change of 1 ampere per second causes a 
cemf of 1 volt to be induced in it. Expressed as 
a formula, 


Inductance L (in henrys)= 


induced voltage e (in volts) 
rate of change of current (in amperes per second) 


d. The voltage induced by self-induction is 
di 
dt 


where ¢ equals the induced voltage, 
L equals the inductance, and 


e=—L 


di 
a equals the rate of change of current. 


e. The inductance of a coil depends on: 
(1) The number of turns. 
(2) The cross-section of the coil. 
(3) The type of core. 
(4) The mean length of core or coil. 


f. lf an inductive circuit, the sum ofthe JR drops all the turns of the primary, the two coils are said 
and induced voltages at any instant equals the to have maximum, 100 percent, or unity coupling. 
impressed or applied voltage, in equation form _A high, medium, and small percentage of coupling 

- ,, is referred to as tight, medium, and loose coupling, 
ety GIS EY p di respectively. 
dt o. Increasing the degree of coupling between two 
coils increases their mutual inductance. 
sp. The total inductance of several inductors 
y connected in series, with no magnetic coupling 
\ between them, is equal to the sum of the indi- 


5 vidual inductances. As a formula, 


Tre 


where e¢ is the applied voltage, 
J is the current at any instant, 
RF is the total resistance in the circuit, 
Lis the inductance of the circuit, and 


# is the rate of change of current. 
Lota =L,+ L,+ L;. 


e7 Ph 


g. As the amount of current in an inductive cir- 
cuit increases, the rate of increase becomes smaller. If there is no coupling between inductors 

h. Increasing the inductance in a circuit de- © connected in parallel, the total inductance is equal 
Pete rate at which current will mde and in. - the’ sum of the reciprocals of the individual 
creases the time necessary for the current to reach = nductances. As a formula, 
its final steady value. 

7. As the amount of current in an inductive cir- ? PP ‘hes Be 
cuit decreases, the rate of decrease of current Tents oe 
becomes smaller. rks 

j. Breaking an inductive circuit can cause the 
development of a very high induced voltage. 

k. The mutual inductance between two coils is 
1 henry when a current change of 1 ampere per 
second in the primary coil induces an emf for 1 


1 


r. The total inductance of two inductors con- 
nected in parallel, and not magnetically coupled, 
is equal to their product divided by their sum. 
As a formula, 


volt in the second coil. As a formula, Sele 
Lroi=T 77. 
Mutual inductance M (in henrys) = : 
induced voltage e in secondary (in volts) s. For two inductors connected in series with 
rate of change of current in primary their magnetic fields aiding, the total inductance 
(in amperes per second) ae 
: . ota =f, Es Pd 
1. The voltage induced in the secondary by FS pr! 
mutual induction is e= M = where L is the total inductance, 
I, is one of the inductors, 
where: : L, is the other inductor, and 
é equals the induced voltage in the secondary, M is the mutual inductance between L, 
M equals the mutual inductance, and and I». 
“ equals the rate of change of current in the t. For two inductors connected in series with 
primary. their magnetic fields opposing, the total inductance 
m. The mutual inductance between two coils —i1s— 
depends on — Troa=L,+L,—2M 


(1) The number of turns in the primary coil. 
(2) The number of turns in the secondary 161. Review Questions 


coil. 
(3) The relative position of the two coils. a. What is self-induction? 
(4) The magnetic permeability of the medium b. Why is the voltage induced by self-induction . 
between the coils. called a cemf? 
n. If all the lines of force from the primary coil c. Why is it that the current in an inductive 
cut or link all the turns of the secondary coil, circuit does not immediately increase to its final 


and all the lines of force from the secondary link value? 
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d. Define inductance. 
di 
e. What does .; represent? 


j. What is the formula for the voltage induced 
by self-induction? Give an example using the 
formula. 

g. What are the factors that determine the 
inductance of a coil? 

h. Draw a curve to show how current increases 
in an inductive circuit, decreases in an inductive 
circuit. 

i. In an inductive circuit, what is the equation 
that gives the relation between the JR drops, the 
induced voltages, and the applied voltage? 

j. In A of figure 145, at the instant the switch 
is closed, what is the voltage across the resistor? 
Across the coil? At the instant that the current 
rises to 6 amperes, what is the JR drop, the volt- 
age across the coil, and the rate at which the cur- 
rent is increasing? 

k. As the current rises in an inductive circuit, 
does the rate of increase of current remain con- 
stant, increase, or decrease? 

/. How does increasing the amount of inductance 
in an inductive circuit affect the rate at which the 
current will rise? Affect the time necessary for 
the current to reach its final steady value? 

m. When the switch in A of figure 147 is in- 
stantaneously opened at X and closed at Y, what 
causes the induced emf in the coil? What happens 
to the current in the circuit consisting of the coil 
and the resistor? Is there more voltage across the 
resistor on the coil? Explain. Give the equa- 
tion that shows the relationship of these two 
voltages. 

n. If, in B of figure 147, the current falls to 4 
amperes, what is the /R drop across the resistor, 
the voltage across the coil, and the rate at which 
the current is decreasing? 

o. If in an inductive circuit the inductance is 
increased, will the rate at which the current de- 
creases remain constant, increase, or decrease? 
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p. Why is it dangerous to break an inductive 
circuit? 

g. What is a choke? 

r. Distinguish between self-inductance and mu- 
tual inductance. 


s. Define mutual inductance in terms of henrys. 

t. What is the formula for the voltage induced 
in the secondary by mutual induction? If the 
rate of change of current in the primary is 6 
amperes per second, and the mutual inductance is 
8 henrys, what is the magnitude of the voltage 
induced in the secondary? 

u. What four factors does mutual inductance 
ae on? 

. Does the mutual inductance of two parallel 
dale increase or decrease as they are brought nearer 
each other? 

w. What is maximum coupling? 
pling? 100-percent coupling? 
and loose coupling? 

x. As the coupling increases, does the mute 
coupling increase or decrease? 

y. What is the formula for the total inductance 
of several inductors connected in series with no 
magnetic coupling between them? If the values 


Unity cou- 
Tight, medium, 


_of these inductors are 6, 9, and 2 henrys, respec- 


got what is the total indutianee Laie 

z. What is the formula for several inductors 
connected in parallel with no magnetic coupling? 
For two inductors? 


aa. Three parallel inductors without magnetic 
coupling, have inductance values of 6, 3, and 6 
henrys. Using the product over sum method find 
the total inductance. Is this value smaller than 
any of the three inductors? 

ab. What is the formula for two inductors con- 
nected in series with their magnetic fields aiding? 
Opposing? 

ac. What is a variometer? What is the sym- 
bol for a variable aircore inductor? For a 
variometer? 
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APPENDIX | 
POWER, WORK, AND DIMENSION 


1. Energy 


One of the fundamental laws of nature is that 
energy is conserved. In other words, the total 
energy in the universe is a constant. This natural 
law has been verified experimentally. Of course, 
it is true that energy may assume different forms. 
For example, when coal is used for heating pur- 
poses, the internal energy of the coal is converted 
into heat energy. The work done in rubbing two 
bodies together is evidenced as generated heat and 
the electrical energy delivered to a motor is 
changed into the mechanical energy of rotation. 
Modern theory seems to indicate that there is an 
amount of energy associated with every object and 
that its mass is merely a different aspect of its 
energy. This theory tells us that a 1-pound body 
is equivalent to the tremendous energy of 4.12 10” 
ergs, an amount of energy capable of raising 
the temperature of 674,000,000 tons of water 1° C. 
This mass-energy equivalence is the principle un- 
derlying the successful development of the atomic 
bomb. To summarize, we may say that energy 
may change form but can be neither created nor 
destroyed. 

Note. For a definition of an erg, see paragraph 2 of 
this appendix. 


2. Work 


a. DeFIniTIon oF Work. The concept of work 
requires for its definition two very basic factors— 
that of force and that of distance. The work done 
in displacing an object by the application of a 
force directed along the displacement is the prod- 
uct of the force and the displacement. Symboli- 
cally, this is written in the form— 


W=FxXlI 
where W=work done on the body, 
F=force in the direction of | exerted on the 
body, and 


l=displacement of the body. 
This can also be written as— 


work= force times distance. 


If the distance is expressed in feet and the force in 
pounds, the work done is in terms of pound-feet. 
For example, if a 10-pound weight is lifted a 
distance of 1 foot the work done is 10 pound-feet. 
In order to explain all the terms used in the for- 
mula, a series of illustrative examples will be given 
in this appendix. 

b. Untrs oF Work. In the cgs system, the work 
done by a force of 1 dyne acting through a dis- 
tance of 1 centimeter (dyne-centimeter) is called 
an erg. However, for practical work, the erg is 
much too small to be of any value. Therefore, a 
unit which is 10,000,000 times as great is used and 
is called a joule. This definition is not as arbitrary 
as it seems, since the joule is also the amount 
work done in moving a coulomb of electricity 
through a potential of 1 volt. A coulomb represents 
6,280,000,000,000,000,000(6.28 x 10'8) electrons. In 
the cgs system, the unit of heat is the calorie 
which is defined as the amount of heat required to 
raise 1 gram of water from 15° to 16° C. Now, 
since heat is also identified as energy, there should 
be a relationship between the calorie and the erg. 
Actually, this is so, and it has been found experi- 
mentally that a calorie is equivalent to 41,850,000 
ergs. In other words, the performance of this 
number of ergs of work is required to raise the 
temperature of 1 gram of water from 15° C. to 
16° C., or 1°. This gives an indication of the 
smallness of the erg. It follows that a calorie is 
equivalent to 4.185 joules. 

(1) Example No. 1. In raising the 100-pound 
weight in figure 157 10 feet against the 
force of gravity, an amount of work equal 
to 100 pounds X 10 feet=1,000 pound- 
feet has been performed. Notice that 
the force required to raise the object is 
equal and opposite to its weight and that 
the force is in the direction of the dis- 
placement. 

(2) Example No. 2. Suppose the 100-pound 
weight shown in figure 158 is being 
dragged along a rough, horizontal sur- 
face. In this case, due to the friction be- 
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Figure 157. Work must be done in moving the 100-pound 
weight against the force of gravity. 
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Figure 158. Work must be done in moving the 100-pound 
weight against the force due io frictional drag. 


tween the surface and the weight, there 
will be a drag which tends to prevent the 
weight from moving. In other words, 
the effects of friction can be replaced by 
a retarding force. The amount of drag 
will depend on the roughness of the sur- 
face. In the figure, this drag is equal 
to 50 pounds. Thus, the applied force 
required to move the object is 50 pounds 
in a direction opposite to the drag. The 
work done in moving the weight 5 feet is, 
therefore, 50 pounds X5 feet=250 pound- 

feet. 
ce. ExptanaTion. At this point the student 
should raise a very legitimate question. Since 
the total energy in the universe is constant, and 
since work is energy, then what has become of the 
250 pound-feet of energy which was used in moving 
the 100-pound weight (fig. 158) from Ato B? The 
answer is that the frictional drag is exactly 50 
pounds, and in applying the force of 50 pounds 
through a distance of 5 feet, the 250 pound-feet 
of energy is used in overcoming the friction. This 
work will appear as heat generated by the rubbing 
of the two surfaces. In other words, if the 
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weight is displaced a distance of 1 foot, then at 
least an amount of work equal to 50 < 1 pound- 
feet must be supplied. This work will appear as 
generated heat which could be used to heat a con- 
tainer of water. In this case the work performed 
will have been transformed into the extra energy 
of the water whose temperature has been increased. 
Another plausible question is this. Suppose that 
a force greater than 50 pounds is applied, say 60 
pounds. Then, in a distance of 10 feet, the work 
performed is 60 pounds X 10 feet=600 pound-feet. 
Since only 500 pound-feet (5010) is required 
to overcome friction, what has happened to 100 
pound-feet of work? At position A, the weight 
had no velocity, it was at a standstill, but at B it 
has a definite velocity. (It cannot come to a 
standstill at B, since applied force exceeds retard- 
ing force and motion must be present.) Now, 
obviously, a body has energy because of its 
velocity. That this is true can be demonstrated 
by a simple experiment (fig. 159). 

A of figure 159 shows a nail % foot long about 
to be driven into a wall. Suppose the force resist- 
ing penetration of the nail to be 10 pounds. After 
being struck by a moving object, the nail has been 
driven a distance of foot into the wall (B of 
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Figure 159. A body has energy because of its velocity. 
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fig. 159). The work that has been done is 10 
pounds X \ foot=1.25 pound-feet. Of course, 
the object is no longer moving since it has given 
up all of its energy in driving the nail. Thus 
because of the velocity of the object, work was 
performed. Therefore, any body has energy by 
virtue of its velocity. It follows by the law of 
conservation of energy (par. 1) that in order to 
impart a velocity to any body, work must be 
done. 

d. In figure 160 a 100-pound weight moves in 
a slot (the slot confines the weight to horizontal 
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Figure 160. Applied force is at an angle of 60° with respect 
to the direction the weight ean be moved (horizontal travel). 


movement only). A force F the direction of which 
makes an angle of 60° with the horizontal is ap- 
plied. How large must the force F be in order 
to just move the weight and how much work is 
done in a displacement of 20 feet? 

Solution. Since the frictional drag is 50 pounds, 
the force F,, which is the horizontal component 
- of F, must be 50 pounds. Now, from the diagram 
we see that 


i penta - 
Fr eostne of 60°. 


Then 


_< ike 50 lbs. 
cosine 60° —_:1/2 


=100 lbs. 


Thus, we see that if the force F is applied in the 
direction shown, it must have a magnitude of 
100 pounds, despite the fact that the frictional 
drag is only 50 pounds. From the definition given 
in a above, we see that the work done is 50 lb. x20 
ft.=1,000 lb.-ft. This is so because the compo- 
nent of force in the direction of the displacement 
is only 50 pounds. The work is not 100 lb.x20 
ft.—2,000 lb.-ft. since the weight does not move in 
the direction of F but in that of F,, the horizontal 
component. (The student not familiar with the 
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sine and cosine functions of trigonometry may 
refer to any standard text on this subject.) This 
example serves to illustrate the well-known fact 
that if the direction of rope-pull on a sled makes 
a very large angle with the horizontal, a very large 
pull is required on the rope in order to start the 
sled. Finally, if the pull is at right angles to the 
horizontal, no amount of force can produce mo- 
tion, since all the force is directed upward and 
none is left to produce movement along the hori- 
zontal. This is shown in figure 161. 

Suppose that in figure 161 an additional force of 
50 pounds is directed along the horizontal. Then 
as we have seen, the 100-pound weight will move. 
However, the force F of 10 pounds is constantly 
directed along the vertical and has no component 
in the direction of displacement. Thus, if the 
weight moves 5 feet, the 50-pound force does an 


F =IOLBS IN VERTICAL DIRECTION 


FRICTIONAL 


DRAG = 50LBS 50 LBS =APPLIED FORCE 
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Figure 161. Force (F) cannot produce movement of weight. 


amount of work equal to 250 pound-feet whereas 
the 10-pound force does no work since its com- 
ponent along the direction of travel is zero. Here 
we have an example of a 10-pound force being 
exerted through a distance but no work being 
done. This was the reason for using ‘‘the force 
directed along the displacement”’ in the definition 
of work given in a above. 


3. Power 


a. Power is the time rate at which work is done, 
and is measured in foot-pounds per second. Ex- 
pressed as an equation, 


work 
time 


power = 


The following example will serve to illustrate the 
difference between work and power. When a 
100-pound bag of sand is dragged 10 feet, 1,000 
foot-pounds of work is performed. If this work 
is performed in 5 seconds, the power required is— 


work 1,000 ft-lb 


Tea eee =200 ft-lb/sec. 


power = 
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If the 100-pound bag is dragged 10 feet in 10 
seconds, the power required is— 


work 1,000 ft-lb 
time 10 sec 


power = =100 ft-lb/sece. 

b. Power is also measured in hp (horsepower) 
units. One hp equals 550 foot-pounds per second 
or 33,000 foot-pounds per minute. 

c. The unit of electrical power is the watt. One 
watt of power is required to do 1 joule of work in 
1 second. Expressed as an equation, 


746 watts=1 mechanical hp, and 
1 watt=.00134 hp. 


d. Electrical circuits are referred to in terms of 
voltage, amperage, and wattage rather than in units 
of joules. Therefore, it will be convenient to form 
an equation which expresses the power in watts in 
terms of volts and amperes rather than in joules/sec 
as follows: 


joule=1 coulomb moved through a potential difference 
of 1 volt. 


Dividing both sides of the equation by time in 
seconds, 


1 coulomb moved through a potential 


joule _ difference of 1 volt 
second — 1 second 
1 coulomb _, Pisa t 
1 second — Lahde 
Substituting, 
1 joule . ; 
Sccdpad ampere moved through a potential 
difference of 1 volt 
MEL = watt. 
second 
Therefore, 


1 watt=1 ampere moved through a potential differ- 
ence of 1 volt. 


In other words, when an ampere of current flows 
between two points, the difference of potential of 
which is 1 volt, 1 watt of power rs being expended 
between those two points. 

e. Thus, the power eapended in any circuit is the 
product of the voltage and the current flowing in that 
circuit. j 
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Expressed as an equation, 
P=iGx J, or. =P, og l— fie 


where P is the power in watts, 
I is the current, and 
E is the potential difference in volts. 


This formula is usually remembered as 
watts = volts X amperes. 


Since the watt is a very small unit of power, we 
commonly use the kw (kilowatt), which is 1,000 
watts. 

volts X amperes 


kilowatt= 1,000 


Figure 162 illustrates two methods of connecting 
meters in a circuit for the purpose of measuring 
current and voltage. 
Examples: 
(1) If an electric motor requires 10 amperes 
at 110 volts, what is the power con- 
sumed? 


P=EXI~+10X 110=1,100 watts, or 1.1 kw. 


(2) If a battery charger operates at 100 volts 
and consumes 600 watts, what must be 
the smallest fuse which will maintain 
operation? ° 

600 


i=P/H= T00 =6-ampere fuse. 


(3) What voltage will be measured at the ter- 
minals of a 500-watt generator when 10 
amperes are being drawn? 


E=P/I="—50 role 


f. By the use of these power formulas, one of the 
three quantities of current, power, or voltage can be 
found vf the other two quantities are known. 

g. The load of a machine or apparatus is the 
power which it delivers. However, in the field of 
radio, the word load also refers to the device which 
consumes the power delivered by the generator. 

h. Power also may be referred to in terms of 
resistance and may be shown by substituting the 
Ohm’s law value of resistance in the power formula 


EXE 


P=EXI, I=E|R, P= 


»and P=H?/R. 


AMMETER 


PzEx) VOLTMETER 


THE BEST METHOD OF CONNECTING METERS WHEN CURRENT IS LARGE, 
A 


PzExt 


VOLTMETER 


THE BEST METHOD OF CONNECTING METERS WHEN CURRENT IS VERY SMALL. 
B 
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Figure 162. Measurement of current and voltage. 


The latter formula also may be transposed as 
E=-+PR or R=E’/P. 


The following problems will serve to illustrate the 
application of these formulas: 
(1) A resistor radiates 20 watts of power in 
the form of heat when connected to a 
20-volt d-c source. What is the resistance 
value of the resistor? 


Seip 200 = 
R=E'/P—=~=20. 


(2) What is the wattage rating of a 120-volt 
bulb which has a resistance of 144 ohms? 


: (120)? 
— 2 ——————- 
1 at dp vl 100 watts. 
(3) What is the resistance of an electric iron 
which operates on 120 volts and consumes 
1,000 watts? 


(120)2 14,400 


1,000 1,000 = 14.4 ohms. 


R=H?/P= 


7. Since power is the time rate of doing work, it 
follows that the greater the length of time the 
power is consumed, the greater will be the total 
power consumed. Electric power is purchased 


‘commercially in watthours (watts<hours) or kw 


(watts X hours) 

TO000ke Oe 
A 100-watt lamp requires 100 watts of power for 
proper operation and consumes 100 watthours of 
power in 1 hour, 200 watthours in 2 hours, ete. In 
terms of kw hours, the lamp uses 100/1,000=.1 kw 
hour of power in 1 hour; in 10 hours, the lamp uses 
10 times as much, or 1 kw hour of power. 

Examples: 

(1) A kw hour meter reads .09 kw in 10 hours. 

What is the average rate of consumption? 


hours 


.09 kw=90 watts 


90 
io? watt/hour. 


(2) If a 2-hp motor is connected to the power 
line and operated for 10 hours ‘continu- 
ously, what will be the power consumed 
in kw hours? 


746 watt=1 hp 
1,492 watts=1.492 kw 


1.492 kw 
10 hours 
14.92 kw hours 


4. Power Losses 


a. The most common loss of power in electrical 
work is that which is dissipated in the form of heat 
when current flows through a resistance. This 
power loss is sometimes called the J?R loss or cop- 
per loss, and is always present when current is 
flowing. The heat is usually dissipated into the air 
and lost, but it can ‘be utilized as in the case of the 
electric oven, toaster, soldering iron, or the fila- 
ment of a vacuum tube. It may be calculated by 
the following formula: 


Pa12h. or. PSE. 


b. Power losses in resistors are an important 
consideration in communications work. Resistors — 
are used to reduce the supply voltage in plate, 
screen, and filament circuits of radio sets. For 
example, if the 12-volt battery of a combat car 
is used to light a.6-volt radio tube which draws .3 
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ampere of current, a series resistor will be neces- 
sary. The value of this resistor may be found as 
follows: Since the voltage drop or JR drop neces- 


sary is 6 volts and the current drawn by the tube | 


is .3 ampere, the resistance will be— 


R= E/I=6/.3=20 ohms. 
The power rating should be— 
2.336 
Pog watts, or 


P—lI?R=.3X.3X20=1.8 watts. 


Therefore, any 20-ohm resistor with a wattage 
rating of 1.8 watts or greater may be used. Ifa 
resistor of smaller wattage rating is used, it will 
overheat or burn out and cause an open circuit. 
This wattage rating indicates the safe wattage 
that the resistor will radiate in the form of heat 
in free air without becoming damaged. Resistors 
that are placed underneath a radio chassis may 
cause trouble because of poor radiation of heat. 
To avoid this possibility, radio sets are well venti- 
lated. In large transmitters, it is common prac- 
tice to use ventilating blowers to cool power 
tubes and other components. 

c. Electric motors have losses due to friction 
and resistance of windings. Therefore, the me- 
chanical output can never equal the electrical 
input. The output of any power-consuming 
device divided by the input and multiplied by 100 
will give its power efficiency in percent. (No 
machine can be 100 percent efficient.) 


Output 
Input 


Efficiency= x 100. 


(1) Ifa 1-hp motor draws 6 amperes of current 
at 220 volts, what is the efficiency of 


the motor? 
: Output _ 746 
Efficiency = Tamil x 100=550X6 watts X 100= 
{40D Ae 
1320 00-91% 


(2) A certain tube when operating in a circuit 
draws 20 milliamperes current at 150 
volts. What power is dissipated? 


20 ma=.02 ampere 
petead Oat! 
P=150X.02=3 watts. 
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(3) If 45 kw is supplied to a motor and its 
output is found to be 50 hp, what is the 
efficiency of the motor? 


45 kw=45,000 watts=input 
50 hp=50X746=37,300 watts =output 


output 


eficiency=— x 100=- 5. X100=83%. 


5. Problems 


a. An electric iron operates at 110 volts and 
consumes 3.5 kw hours in 5 hours of continuous 
operation. _ What is the resistance of the iron? 


3.5 kw hours=3500 watt hours in 5 hours 


oe =700 watts per hour 
eae EPA AO? 
PS rae a era 


lig ti10 at 2h 
== 557 ae en =17.3 ohms. 


b. An electric refrigerator operates for 10 min- 
utes out of each hour. If the motor delivers } hp 
and takes 5 amperes at 110 volts from the line, 
how much power will it consume in 30 days; what 
is the efficiency of the motor, and what will be 
the cost of operation at $.05 per kw hour? The 
answers are computed as follows: 


(1) Input=P=LHI=—110X5=550 watts 


Output=} hp = 373 watts 


24 hours X30 days=720 hours 
10 min./1 hour=10/60=1/6 hour 
&%X720=120 hours total 


120 550=66,000 watthours or 66 kw 
hours consumed in 30 days. 


_output 373 za 
(2) ee an put ~~ 199 =559 x 100= 
67.8 O- * 


(3) 66 .05=$3.30. 


6. Theory of Units and Dimensions 


The fundamental dimensions of physics are 
those of length, mass, and time, abbreviated 
L, M, T. Of course systems of units may be used 


for each of these quantities—for example, length 
may be measured in centimeters, feet, or inches, 
and mass may be expressed in grams, pounds, etc., 
and time in seconds, hours, minutes, etc. For a 
thorough understanding of physics, the student 
must understand the difference between dimension 
and the wnit in which it is expressed. A dimension 
is a conception independent of the unit in which 
it is expressed. To understand this refer to 
figure 163. 

a. The distance from A to B is the same regard- 
less of whether we expressed it in inches or feet. 
In other words, the separation of A and B is a 
quantity independent of the units used to measure 


aes FE RSS 
A B 


¢—____“} 
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Figure 163. Distance measured in feet and inches. 


it. From this we see that the inch unit has a 
magnitude only 2 that of the foot. Twelve-inch 
units laid side by side could reach from A to B 
and similarly 1 foot unit would do the same. 
Thus we are led to the ideas of magnitude of a 
unit and dimension of a unit. 

b. Suppose we wish to express a distance L in 
terms of units MZ and N. Suppose the M unit 
has a magnitude m and the N unit has a magnitude 
n. Then by other previous considerations, 


L=aXn 
Pb 


where a is the number of M units required to 
measure L and 6 is the number of N units required 
to measure L. Therefore since Z is the same in 
both cases; axn=bXm. 


=|3 


th 


This equation states that the number of units 
required to cover L varies inversely as the magni- 
tude of the unit. This is illustrated in the previous 
example where 12 X (magnitude of the inch unit)= 
1X(magnitude of the foot unit). Here, a=12, 
n=magnitude of the inch unit, 6>=1, m=magni- 
tude of the foot unit. 

c. It might be expected that length, mass, and 
time would be sufficient to provide the dimen- 


sions of all physical quantities. However this is 
not found to be the case. Before showing why 
this is so let us find the dimensions of force. Sir 
Isaac Newton concluded from his experiments in 
gravitation, that the unbalanced force acting on 
a body was proportional to its acceleration. This 
can be written as— 


f=ma 


where f=force acting on the body. 
a=acceleration of the body. 
m=a constant of proportionality called 
Mass. 
To illustrate what is meant by acceleration, con- 
sider the following example: An object has a 
velocity of 10 cm/sec. By applying a force the 
velocity is changed from 10 cm/sec to 15 cm/sec 
in 2 seconds. The rate of increase of velocity is 
therefore 


15em_10cem 5 em 
sec 86C_—«S8CC_y cm 
2 sec 2 sec ~~ (sec) (sec) 


Or stated otherwise, the rate of change is 2.5 
em/sec in 1 second. This is called the acceleration 
of the body. Thus acceleration is the time rate 
of change of velocity. From this example, it is 
seen that the dimension of acceleration is— 


(length) L 


(time)? T? 


Returning to Newton’s law, we see that the 
dimension of force is— 


(mass) X (length) 
(tame)? 


=ML|T®. 


Consider the equation giving the force between 
two electric charges (Coulomb’s law, ch. 2). 


XQ 
rE 


g: and q>=the electric charges, 

d=the distance between charges, 

e=a constant characterizing the medium in which 
the charges exist, and 

F=the force of repulsion or attraction between 
the charges. 


Now the dimension of F is ue = LT. set he 


dimension of d= L. 
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Let the dimension of charge be Q and the dimen- 
sion of e€ be E. 


Solving for the dimension of charge, we get: 
(dimension of charge)==(dimension of force) (di- 
mension of «) (dimension d)?. Substituting the 
proper dimensions in terms of mass, length, and 
time under the radical sign gives: 


Q= aE XTX e— M12 [3/2 T-1 e/2. 

But what is e in terms of length, mass, and time? 
This cannot be found until we know that of Q 
which, in turn, depends on that of «. What is 
the way out of this dilemma? Simply, that we 
must give up the idea that all physical quantities 
can be described dimensionally in terms of 
L, M, and T. Because of this, physicists have 
introduced a fourth fundamental dimension— 
that of charge. 


From the above equation, ¢ is equal to— 


: e eee 
SST gy 1 3 "Fr 
eM LT MXL 
Thus the permittivity of a medium has the dimen- 
sion, 
(charge)? X (time)? 
(mass) X (length)? 


7. Concept of an Equation 


Surely no rational being has ever attempted to 
equate horses to cows; this apparently nonsensical 
statement however forms the heart of this para- 
graph. What is meant by saying that 


a=b 


Would this equation make sense if a@ represented 
10 horses and 0} represented 10 cows? The 
answer is, of course, ‘‘No.’’ Despite the fact that 
the number of horses is equal to the number of 
cows, horses are not cows. Thus in an equation, 
not only must the left side be numerically equal to 
the right side, but the dimension of the left must 
be the same as that of the right. So if in an equa- 
tion which we suppose to represent a certain 
physical quantity, the dimension yielded by the 
equation is not the dimension.of this quantity, the 
equation is wrong. 

a. EXAMPLE 1. Suppose we were told that the 
energy dissipated in a resistance (/) in time (¢) by 
the passage of current (J) is given by the expres- 


154 


sion W=J°?R*t, and we have no previous knowl- 
edge of the /7R law. In this case we should check 
this equation as follows: 


Energy has the dimension of work which is 


(force) X (distance). Therefore, the dimension of 
work is— 

ML ML? 

aT Ginna 


If the equation W=J/°R*t were correct, the right 
side would have to have the same dimension: 
thus, since current is voltage/resistance, the right 
side has the dimension— 


(voltage)? 
(resi_stance)* 
(resistance) X 


(time) = (voltage)? X (time) 


From chapter 3 we know that voltage is work per 

unit charge so that the dimension of voltage is 
(work) 

(charge) 

From this we see that the right side has the dimen- 

sion 


ee ‘L? 


272 
MeL". ML 


ae 8 — 93 Oz @? 
where Q is the fourth dimension of charge which 
we have agreed to introduce. Comparing our two 


results we see that if the equation were true, 


Mi? ei? os are 
T? RI Tas or Y— Te 


which is a contradiction since the dimension of 
charge cannot, as we have seen, be expressed in 
terms of MM, L, and J alone. Thus the equation 
cannot possibly be correct. 

b. ExampLte 2. An engineering company 
through experiment decides that the amount of 
frictional resistance offered to the passage of a 
body through oil is given by— 


kmv? 
fea 


f=frictional retarding force, 
m=mass of the body, 
v=velocity of the body, 
A=cross-sectional area of the body, 
l=length of the body parallel to the flow, and 
k=a constant having no dimension (a pure 
numeric)’ 


Is this formula correct? By the previous pro- 
cedure, the right side must have the dimension of 


f ML 
orce 72 


Since area has the dimension (length)? and velocity 
that of Ura hs 
(tame) 

formula results in the dimension— 


» substituting in the left of the 


(mass) (length)? (length)? 
(time)? (length) ‘ 


Symbolically, we get— 


MXL‘_ ML 
XE | P 


(Notice that k does not appear since we are only 


interested in the dimension of the right side and 
k has no dimension.) 


But force has the dimension— 


we which does not agree with the formula. 


Thus, the equation is not correct. 


c. SumMARy. The important points of this 
appendix may be listed as follows: 

(1) The fundamental dimensions of mechanics 
are length, mass, and time. 

(2) The relationship between unbalanced 
force acting on a body, mass of the 
body, and its acceleration is given by 
Newton’s law— 


Sie 


(3) A dimension is independent of the units 
used to measure it. 

(4) In electrostatics it is found that the 
dimensions of length, mass, and time 
are not sufficient to determine that of 


charge; the dimension of charge is 
added to these and also considered 
fundamental. 


(5) For an equation to be true, both sides 
must be numerically equal and di- 
mensionally the same. 
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APPENDIX II 
_ CHEMICAL REACTIONS IN LEAD-ACID CELL 


1. Chemical Reactions 


In chapter 8, the various chemical reactions that take place in a lead-acid cell are described in general 
terms. This appendix gives a more complete description of these chemical reactions. 
a. The complete equation for the chemical reaction of a lead-acid cell is— 


discharge 
Pb + PbO, + 2H.SO, = 2PbSO, - 2H,O (1) 
(spongy lead) (lead peroxide) (sulphuric acid) charge (lead sulphate) (water) 


However, let us consider this equation in parts in order to analyze what takes place at the negative and 
positive plates during both the discharge and charge cycles. At the negative plate during discharge, 
the spongy lead (Pb) partially dissolves due to the action of the sulphuric acid (H:SO,) and is said to 
ionize. During ionization, each spongy lead atom loses 2 electrons, and is changed to a lead ion. 


Poot, =. 9) Py tiee a ecg (2) 


(spongy lead) (lead ion) (electrons) 


The negative electrons flow from the negative plate, through the external load, to the positive plate. A 
flow of negative electrons is electricity. The electron flow constitutes the electric current drawn from 
the cell to the load to do useful work. The lead atom in the PbO» molecule of the positive plate is able 
to absorb the two electrons returning from the external load, and thus becomes Pb**. 


Ppthty loss ope ee (3) 


(lead atom of PbO») (electrons) (lead) 


Therefore, the action at the positive plate breaks the lead peroxide molecule (PbO:) into Pb** and ets 
While the previous actions are taking place, the sulphuric acid molecule (H.SO,) breaks up into H™ ions 
and SO,*+ ions. The H+ ions from the H,SO, and O, from the PbO, are free to unite and form water 
(H.0). 

4H a PbO, - 2e- ———e Pbtt _- 2H.O (4) 


(hydrogen ions) (lead peroxide) (electrons) (lead ions) (water) 


It can be seen from the above equations, that at both the negative and positive plates there are lead ions 
(Pb++). At both plates the lead ions (Pbt*) unite with the sulphate ions (SO,—) to form lead sulphate 
(PbSO,). 

Bbr a SO — PbSO, (5) 


(lead ions) (sulphate ions) (lead sulphate) 


The chemical reaction at the negative plate, therefore, is the action expressed in equations (2) and (5). 
Combining them we have 


Pb = S0.-— — 2e- + PbSO, (6) 


(spongy lead) (sulphate ions) (electrons) (lead sulphate) 


The reaction at the positive plate is the action expressed in equations (4) and (5); consolidating them 
gives 


PbO, =e 2e7 8 4H* a3 SOies —— 2H20 Se PbSO, (7) 


(lead peroxide) (electrons) (hydrogen ions) (sulphate ions) (water) (lead sulphate) 
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By adding the actions of equations (6) and (7) we have the reactions at both plates: 


(spongy lead) (lead peroxide) (sulphuric acid) (lead sulphate) : (water) 


The equation above is the equation for the discharge cycle of a lead-acid cell and it will be noted that 
it is the same as equation (1) (fig. 83). Plates A, B, and C show the relative conditions of a fully charged, 
a discharging, and a discharged cell. 

b. In order to charge a lead-acid secondary cell, the chemical process just described must be reversed. 
This is accomplished by introducing a steady direct current in the proper direction. The plus terminal 
of the cell to be charged should be connected to the plus terminal of the battery charger and its minus 
terminal to the minus terminal of the charger. In this manner, a current is forced into the battery 
against the current that the battery would normally supply. It goes without saying, that the electro- 
motive force of the charger must be greater than that of the battery. During charging, at the positive 
plate, the water (HO) and the lead sulphate (PbSO,) break up, forming lead peroxide (PbO,), hydrogen 
ions (H+), sulphate ions (SO,-) and two negative electrons (2e—). This equation is— 


2H,O Is PbSO aa PbO, = 4Ht + [Om a aa: ee (9) 


(water) (lead sulphate) (lead peroxide) (hy drogen ions) (sulphate ions) (electrons) 


The hydrogen ions and the sulphate ions combine to form sulphuric acid (H,SO,). The negative plate 
gains the two electrons lost by the positive plate. 

Therefore, at the negative plate, the lead atom of the lead sulphate (PbSO,) gets back its two electrons 
and changes back into spongy lead. Consequently, we have— 


PbSO, + 2Qe- => Pb + SO) ia (10) 


(lead sulphate) (electrons) (spongy lead) (sulphate ions) 


The combined total reaction at both plates is expressed by adding equations (9) and (10)— 


Pa SO meet On, o> Pb eae ee boy 15) SFE OY (11) 


(lead sulphate) (water) (spongy lead) (lead peroxide) (sulphuric acid) 


The above equation is the same as equation (1) reading from right to left. The changing chemical 
conditions of the charging cycle is depicted in D of figure 83. In addition to the reactions shown in 
equations (9), (10), and (11), the passing of a direct current through the cell causes a chemical reaction 
of the water, which is present in the electrolyte. The water ionizes slightly into H* and OH~ ions. The 
positive (H*) ions are attracted to the negative plate, where they receive a negative electron and become 
a hydrogen atom. Each hydrogen (H) atom units with another hydrogen atom to form a molecule of 
hydrogen gas (H,). 

2H + Qe > H, (12) 


(hydrogen ions) (electrons (hydrogen gas) 


At the positive plate, the 40H™ ions lose 4 electrons and break down into water and oxygen molecules. 
Thus— 


40H- rs 4e- = 2H,O aa O, (13) 
(OH ions) (electrons) (water) (oxygen gas) 


The combined result for the action at both plates is, therefore, 


(water) (hydrogen gas) (oxygen gas) 


2. Electrolysis 


It is in order to consider carefully the above reaction, which is known as the electrolysis of water. 
It explains certain effects that you may have observed while watching batteries being charged. Equa- 
tion (14) shows that, during charging, two times as many hydrogen bubbles will appear at the negative 


945343°—51——_12 Nod, 


plate as oxygen bubbles at the positive plate. If one should have a doubt about which pole is plus and 
which pole is minus, it can be determined by observation during charging. The minus pole can be iden- 
tified because twice as many bubbles will be seen there. The electrolysis action explains another fact. 
For this reason, the water level of the cell is lowered, and distilled water must be added from time to 
time. Also, this is a good place to add a word of caution with regard to charging batteries. The oxygen 
gas and hydrogen gas that trickle off can farm a dangerous explosive mixture which ignites in the presence 
of a spark. For this reason, battery charging rooms should be well ventilated and smoking should be 
prohibited. 
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APPENDIX III 


APPLICATION OF KIRCHHOFF'S LAWS TO 
THE SOLUTION OF D-C NETWORKS 


1. Kirchhoff’s Laws 


In chapters 6 and 9 of this manual, various ap- 
plications of Ohm’s law in solving for voltage, 
current, and resistance in simple series and parallel 
circuits have been presented. However, this law 
alone is not sufficient for solving many of the com- 
plex circuits or networks that may be encountered 
in practice. The more complex networks require 
the application of Kirchhoff’s laws which are stated 
as follows: 

a. Law No. 1. The algebraic sum of the voltage 
rises encountered vn tracing around any closed loop 
as Zero. 

b. Law No. 2. The algebraic sum of the currents 
arriving at or leaving any junction point is zero. 


2. Voltage Drop and Voltage Rise . 


According to Ohm’s law, the voltage drop or 
voltage rise across any resistor is equal to the 
product of the current through the resistor and the 
magnitude of the resistor. Or, 


H=TXR. 


Before Kirchhoff’s laws are explained, a few words 
must be said with regard to voltage drop and 
voltage rise. | 

a. Let us suppose that we have a resistance R, 
through which an electron current flows in the 
‘direction shown in figure 164. From our work in 
electrostatics, we know that electrons move from 
points of lower potential to points of higher potential. 
Thus point A is at a lower potential than point B. 
This means that there is a voltage rise in going 
from point A to point B. However, in a number 
of technical books, current is assumed to be a move- 
ment of positive charge and, when this assumption 
is made, it is said that positive charge moves from 
point B to point A. Since positive charge goes 
from points of higher potential to points of lower 
potential, B must be at a higher potential than A. 
The results are the same in either case. 


i R is 
$$ A $0 
A B 


——> MOVEMENT OF NEGATIVE CHARGE 
(ELECTRON FLOW). 


<— ASSUMED MOVEMENT OF POSITIVE CHARGE. 
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Figure 164. Electron flow versus assumed current flow. 


b. When applying Kirchhoff’s laws, it does not 
matter whether we assume current to be a flow of 
positive charge or negative charge if the following 
rule is observed: In tracing through a resistance 
in the direction of assumed current flow, a voltage 
drop is encountered if positive current is assumed 
and a voltage rise if negative current is assumed. 
As an illustration, consider figure 165. Using 
Ohm’s law, we know that an electron current of 


TM 661-151! 
Voltage drop and voliage rise. 


Figure 165. 


10 amperes flows in this circuit. The direction of 
current flow is from the negative terminal to the 
positive terminal of the battery, as shown by the 
solid arrow. However, positive current can be 
assumed to flow in the direction shown by the 
dotted arrow. Note that the polarity of the 
voltage across the 10-ohm resistance is the same 
in both cases. In this appendix current will be 
assumed to be positive. 


3. Explanation of Kirchhoff's Laws 


a. Law No. 1: The algebraic sum of the voltage 
rises around any closed loop is zero. To see what 
this law means, refer to figure 166 and assume that 
the current flow is in the direction shown by the 
solid arrow. Starting at A, trace around the loop 
in the direction of current flow: 
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A-B: voltage rise= + 100 volts. 

B-C: voltage rise=—10J since with positive 
current assumed, there is actually a 
drop in voltage. 

C-D: voltage rise=—5J. 

D-E: voltage rise= +50 volts. 


These are all the voltage rises in the loop, and 
their sum by Kirchhoff’s first law must be zero. 
Therefore, + 100—10/—5/+50==0 
150=15/ 
a +10 amperes. 


B 10 OHMS (e 


E 
TM 661-152 
Figure 166. Example of Kirchhoff’s first law. 


The plus sign indicates that a positive charge 
would actually flow in the assumed direction. 
Now suppose that the current direction were as- 
sumed to be reversed, as shown by the dotted line. 
Let us trace around the circuit in the same direc- 
tion as before: . 


A-B: voltage rise=-+100 volts. 

B-C: voltage rise=+10/! smce with nega- 
tive current Cis at a higher potential 
than B. 

C-D: voltage rise=+5/}! 

D-E: voltage rise=-+50 volts. 


Therefore, +100+10/'+5/'+50=0 
15/'=—150 
J'=—10 amperes. 


The negative sign indicates that positive charge 
actually does not flow in the direction assumed. 
In other words, we have not gotten two different 
answers for the current in the circuit. <A current 
of +10 amperes in one direction is the same as a 
current of —10 amperes in the other direction. 
From this example, the following points should 
now be understood clearly. 
(1) In tracmg through a resistance in the 
direction of assumed positive current 
flow, a voltage drop is encountered. 
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(2) The direction of assumed current flow is 
immaterial as long as one is consistent. 

(3) If the assumed direction is incorrect, the 
current solved for will be negative. 

b. Law No. 2: The algebraic sum of the currents 
toward or away from a junction point must be 
zero. This statement can be restated as follows: 
The amount of current entering a junction point 
must be equal to the amount of current leaving 
it. This law is actually a consequence of a more 
general one known as the principle of conservation 
of charge. As an example consider figure 167. 
A current of 1 ampere flows toward point A and a 
current of 5 amperes flows away from point A. 
What is the current flowing from A to B? We 
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Figure 167. Example of Kirchhoff’s second law. 


have 1 ampere toward A and —5 amperes toward 

—A (— sign indicates that it actually flows away 

from A.). 
—I+1—5=0, 


J=—4 amps. 


This means that J does not actually flow away 
from A but toward it. This is obvious since 
4 amperes is needed together with the 1 ampere to 
give 5amperes leaving A. Also, we have 5 amperes 
away from A, —1 ampere away from A, and J 
amperes away from A. Therefore, —1+5+J/=0, 
and /=—4 as before. 
Summarizing, we may say: 

(1) The sum of the currents toward a junction 
point (the currents are added with their 
proper signs) equals the sum of the 

‘currents away from the point (again with 
their proper signs). 

(2) It is immaterial what directions are 
assumed for the various currents, as long 
as one is consistent. 


4. Application of Kirchhoff's Laws 


a. ExampLte No. 1, PARALLEL COMBINATION 
(fig. 168). Around Loop A BC DEF A, we 
obtain (by Kirchhoff’s first law)— 


E—I,R,=0, or TSR 


Rn 


TM 661-154 


Figure 168. Network of parallel resistances. 


Around loop A B CGH F A, we obtain— 
E—I,R,=0, or io d hee 


From Kirchhoff’s second law, J=1/,+ Lo. 


Ice vlas el 
Therefore, J Segagrie een (Geta) 


HE 1 : : 
On ne This means that the resistances 
Ri’ Ry 
in parallel are equivalent to one resistance of value 
pao N: 
1 1 
Fea 


Suppose we had any number of resistances in 
parallel, say f,,. 

E 1H, 
Then, as before h=— 1,=p» ier 
1 n 


2 


| ig gs is E arate 1 
lea tn AE R= GetEt ae ae x) 
E 1 

aS A 1 1 1 1 
Paitin a oe eeu Re 


In other words, if the entire network of resistances 
in parallel were placed in a closed box (fig. 169) 
the entire combination would look to the battery 
like a single resistance of value. 


(a) 


Thus whether one resistance of value (a) or the 
parallel combination were in the box of figure 169 
it would not matter as far as the source of emf was 
concerned. This is the reason for speaking of (a) 
as the equivalent resistance of the parallel com- 
bination. To be more specific, suppose Ry=1 ohm, 
R,=2 ohms, and R3;=5 ohms, and that they are 
in parallel; then the equivalent resistance of the 
combination is, by (a)— 


1 1 1 
PiPiiaMesn onto oo 
Pe 0s 


ff H=100 volts, the total current would be— 
Aaa 170 amps. 


.088 


b. Exampte No. 2, Smrims-ParatLeEL Com- 


BINATION. It is desired to find J, /; and J, of 
figure 170. There are two ways of doing this 
problem: 


(1) The first way is by replacing the parallel 
combination with its equivalent re- 
sistance and then solving the resulting 
series circuit for I. Now, 10 ohms and 
15 ohms in parallel gives— 


{ae SH 


The circuit now reduces to that shown in 
figure 171, where the voltage drop from 
A to B is the same as the drop across the 
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Figure 169. Parallel resistance network placed in closed boz. 


5 OHMS A 
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Figure 170. Series-parallel combination. 


5 OHMS 
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Figure 171. Parallel combination of figure 170 replaced by 
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equivalent circutt. 


6-ohm resistor and is 6X9.09=54.54 
54.44 
volts. Thus L="59 = 5-454 amps, and 
54.54 
Tee a =3.64 amps. To check, we see 
if I,+/,=I (Kirchhoft’s second law); 
I,+1,=9.094 which checks with J—9.09. 


(2) The second method makes use of Kirch- 


hoff’s first law directly. 


Going around loop C F A FE D B C, we 


obtain— 
+100—5/—10f,=0. 
Around loop CF A GH BC, we obtain— 
100—5J—15/,=0. 


Also, from the second law, we must have 
I=I,+I,. Therefore, we have three 
equations: 


(b) 52+0X1,+15l,=100 
(¢) h+h=l. 


For J, substitute 7,+ J, in (a) and (6) to 
obtain— 


152,+5l,=100 (d) 


Multiply (d) by 4 to obtain— 


607,+20/,=400 
§/,+201,= 100. 


Subtract the bottom equation from the 

top equation. The result is—55/,+0= 
300 60 

300. Therefore, h= sr ay am- 

peres. 

Substituting this value of J, in (e) we 

obtain— 


27.25-+-20/,=100 


Therefore, 20/,—100—27.25—72.75 


Or, Z-2% =3.6375=3.64 amperes. 


J=1I,+h=5.45+3.644=9.09 amperes. 


Despite the fact that both of these meth- 
ods give the same results, the first is 
definitely shorter. However, the second 
method is of general applicability and can 
be used to solve any complex circuit. In 
many circuits, as we shall see later, the 
equivalent resistance cannot be found 
directly, thus eliminating method one. 


5. Two Equations in Two Unknowns 


In paragraph 4, it was found necessary to solve 
a system of three equations in three unknowns. 
In paragraph 6, a method will be given for solving 
such systems. This paragraph gives the method 
' for solving a system of two equations in two 
unknowns. 
15/,+41,=100 (a) 
131,+31,—400 (b) 


TI, and J, may represent the currents in a circuit. 
To eliminate J,, multiply (a) by 3, and (b) by 4. 


45],+12I,—300 (c) 


Then subtracting (c) from (d), 


7/,+0=1300. 
Therefore, f= =185 2 = 185.71. 


Substitute this value of J; in equation (c). 
This yields— 
8357 +12/,—300. 
—8357+300__—8057_ 


Therefore, J,—=———-—_—_ => 


12 12 ed i Me ¥ 


Now generalizing a bit, let us try to find a solu- 
tion of any two simultaneous equations of the 
form— 


cl,+di.=B (2) 


a, 6; c,d, A, B are any arbitrary numbers. For 
example, in the previous problem (equation (c)), 
a=—45, b=12, A=300 
c=52, d=12, B=1600 


Following the same method as m the problem, we 
will eliminate J, by multiplying (1) by d, and (2) 


by 6, and then subtract the two results. This 
gives, after multiplication— 
(ad) I,+ (db) I,=dA (3) 
(cb) I, + (bd) I,=bB. (4) 


Subtracting (4) from (3) gives— 


(ad—be)I,+-dbI,—bdI,=dA—bB 
(ad—be)I,=dA—bB 
dA—bB 
ite ad—be 
Substituting this value of J; in (2) we get— 


c(d A— bB) 


Madera tee 

hs ote c(d A— 5B) 
Ot oe moe as ee 
_adB—beB~cdA+cbB ~ 
te ad— be 

__ (ad) B—(cd) A 

4, .yad— be 

I d(aB—tA) aB—cA 
ae 


~ d(ad—be) (ad—be) 


Therefore the system of equations— 


al,+6b/I,—A, 
cel,+dI,=B. 
has for solutions, _ 
I _adA—dB 
*~. ad— be 
aB—cA 
USS ad—be- 


Notice that the denominator has the same value 
for both J, and.J,. .The solutions can be remem- 
bered very easily in the following way: Suppose 
the coefficients of equations (1) and (2) are written 
in the following way: 


and suppose that we start at the upper left cor 
ner and multiply im the direction of the arrows 
and subtract the last product. Thus, we get 
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ad—cb, which is the denominator of our solutions. 
To remember the numerators, use the following 
rule. In D substitute for the coefficients of the 
unknown, the quantities appearing on the right 
side of the equations. Expand as explained 
above. Thus, to get the numerator of J, we 
replace a and ¢c in D by A and B to obtain: 


b 
VE 
Dc ieee ein 
N 
d 


7 


A 
B 


For J;, the substitution gives— 

A 
x 
\ 

B 


Our solutions can now be expressed in the following 


a 


=aB—cA. 


c 


forms: 

A b a b 
ee ele 
— 

N VAs 
d c d 
a A a b 
As a 
bal % ax 
N SN 

¢c B € d 

a b 


The quantity is called 


we Va 
PS \ 
c 

the determinant of the system of equations (1) and 
(2) and has the value (ad—bc) according to the 
rule given for expanding it. As an application 


of these rules, consider the example solved 
previously: 


d 


15 


D= =3X15—4X13=45—52=—7. 
13 3 
100 4 
7 
The numerator of /;= x =300—1600= 
so  *3| += — 1800. 
15 100 
Sea 
The numerator of =| X |=15xX400—13X 
i’ “4o) -100=6000— 
1300=4700. 
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Therefore, a +185.71, 
and 1,=4 67 1,43. 


The answers, of course, are the same. The 
advantage of this method is that it provides a 
very systematic method of solving the equations. 


6. Three Equations in Three Unknowns 


The solution of three equations in three un- 
knowns can always be reduced to the solution of 
two equations in two unknowns. To show this, 
an example will be worked out. 


Pers Ta 100 (1) 
Tae i41,—=200 (2) 


To eliminate /,, first multiply equation (1) by 1 
and (2) by 2 to obtain— 


2/7,+3/,+11/;=100 (13 
2/,+141/,+81,;=400 (29) 
Then subtract (1’) from (2’) to obtain— 
11/,—31;=300 (a) 
Again, multiply (2) by 5 and (3) by 1. This 
yields— 4 
51, +351,+201;=1,000 (2’’) ° 
Bil 21, ie 300 eG 
Subtract (3’’) from (2’’) to obtain— 
33/,+19/;=700 (b) 


(a) and (b) together constitute two equations in 


two unknowns. ‘Thus, 
33/,+191;=700 (4) 


In other words, using (1) and (2), J; was eliminated 
and using (2) and (3), J, was again eliminated. 
But (3) and (4) can be solved by the method 
already explained. 


11 —3 


Fl 
D= x =11X 19—(—3X33)=209-++99= 308. 
33 


19 


ee eee ee ee ee ee ee 


sl ilar lil 


Numerator of /,= = 300 KX 19—(—3X 


noo 4g | 700) = 5700 + 2100 
= 7500: 
11 ae 
Numerator of J;= oe = 11 700—33 X 300 
w’ “rm| = 7700 —9900 = 
— 2200. 
7800 
fs —-—_____ — 9 
Therefore, J, 308 ZO. 
— 2200 
and /,= 308 cae Ws 


Substituting the values of J, and J; in (1) we get— 


21,+3X (25.3)-+11X (—7.14)=100. 
Therefore, 2/,+75.9—78.5=100. 


21,—2.6=100 
21,— 1026 
7,=51.3 amperes. 


The answers to our problem are— 


I=51.3, 
I,=25.3, and 
iP —7.14. 


7. Problems 


It was stated before that Kirchhoff’s first law 
could be applied to many cases where equivalent 
resistances could not be found easily. A series of 
problems now will be given and solved. 

a. Exampie No.1. In figure 172, two batteries 
with their internal resistances are shown supplying 
a resistance load of 100 ohms. We are required to 
find— 

(1) It; lt I;, 

(2) power delivered to the 100-ohm load, 

(3) power dissipated in .l-ohm and .3-ohm 
resistances, and 

(4) power delivered by each battery. 

b. Sotution to Exampie No. 1. Going around 
loop A BCD EF A, we obtain from Kirchhoft’s 
first law— 

—100/,+10—.1/,=0. 


Going around loop A B C F A, yields— 
—100/,+50—.3/,.=0. 


Also, J, =1,+1:, by applying Kirchhoff’s second 
law to junction C. 


os, 100 A 
OHMS 
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Figure 172. Kirchhoff’s laws: example No. 1. 


We then have the three equations— 


+100/,+.14,=+10 (1) 
+1007,+.3l=+50 (2) 
Lh+h=I,. (3) 
Substituting J;-+ J, in (1) and (2) gives— , 
100.17,+100/,=10 (ai) 
1007,+100.37,=50. (2) 


For this system, 


100.1 aoe 
D= a —10,040.03—10,000=40.03 
100 100.3 
10 100 
7) 
Numerator of J,;= S = 1003— 5000 = — 3997 
50 003 
100.1 10 
NS ZB 
Numerator of J,;= ws = 5005.0 — 1000 =4005. 
100 es 
—3997 
ui 40.03 =-—99.8 amperes. 
4005 
13=79 9377 100-00 amperes, 


I,=h+h=—99.8+100.0=.20 ampere. 


Power delivered to 100-ohm load— J, 2 R,=.0625 
X 100=6.25 watts. 
Power dissipated in .l-ohm resistor=(—99.8)? 
X.1=997.0 watts. | 
Power dissipated in .3-ohm_ resistor= (100.00)? 
X.3=3,000 watts. 
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Note that since /,; is negative, current (positive 
current) actually flows into the 10-volt battery. 
This means that the 50-volt battery is charging 
the 10-volt battery. Thus the amount of power 
delivered to the 10-volt battery =(10X99.2)= 
992.0 watts. We can look at this differently. 
From previous work, we know that the power 
delivered by a battery is EJ when J is either 
the electron current flowing into the positive termi- 
nal or the positive current flowing away from the 
positive terminal. Now, in this case, H=10 
volts and J=—99.2 amperes away from the posi- 
tive terminal. The power delivered by the 10-volt 
battery is 10 (—99.8)=—998 watts. 
The power delivered by the 50-volt battery is 
50 100.05=5002.5 watts. Now the total power 
absorbed by the circuit is— 

997.0 (.1-ohm resistor) 

3000.0 (.3-ohm resistor) 

+998.0 (10-volt battery) 

+6.25 (100-ohm load) 

=5001.25 watts. 


The efficiency of any system is defined as— 


. power delivered to load 
wa total power delivered ~ 100. 


In the present problem, the 


6.25 
= ff mo o9 5X 100=.125 percent. 
This figure shows an absurdly inefficient system 
as a result of using two batteries in parallel whose 
generated voltages are markedly different (10 


{0 OHMS 


volts and 50 volts). When operating in parallel, 
batteries should be as nearly identical as possible. 
c. Exampue No. 2. In figure 173: 

(1). Find 44; Js, ts. 

(2) Find the total power delivered to the cir- 
cuit, and the amount delivered by each 
battery. 

(3) Find the equivalent resistance of the cir- 
cuit looking in from (A and B), (C and 
and D), (£ and F). 


Note. Currents have been assumed to flow 
out of the plus terminals of all batteries. These 
currents may turn out to be negative. 


d. Sotution To ExampuE No. 2. Going around 
loop @) clockwise gives— 


+200—10 +5 1,—50—4=0, or 
150=11 ,1+0X/,—5 Iz 


Going around loop @) clockwise gives— 


+50—5 I;—50 I,—20 Ip+100—100 1,=0, or 
150=0X/,4170 45 ds. 


Also, by the second hee 
ia i=T.. 


The 3 equations are— 


119 FOR E5160 (a) 
0X1,+1701,+51,=150 (b) 
I,—1,+1;=0 (c) 


50 OHMS 


20 OHMS 
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Figure 178. Kirchhoff’s laws: example No. 2. 
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Substituting for J, in (a) and (b) gives— 


11 4,—5 4=150 
PeUslea Af 1g——190 


=1925—(—850)=2775. 


170 175 


—26,250—(—750) 


Numerator of J,= —27.000 


150 —5 
ws 
Teas: 


150 


11 150 


7 
Numerator of J;= i 

\ 

150 


170 


=1650—25,500= 
23,850. 


27,000 _ 
Thus, l= gag = 19.73 amperes, 
231860. 
f,= 2775 8.6 amperes, and 


f,=1,+1;=9.73—8.6=1.13 amperes. 


Power delivered by a 200-volt battery =200k = 
200 X 9.73=1,946 watts 
Power delivered by a 50-volt battery =50 J;= 
50 X (—8.6) = —480.0 watts. (It actually absorbs 
power.) 
Power delivered by a 100-volt battery = 100 J,= 
100X1.18=113 watts. 
Total power delivered to the circuit=1946+113= 
2,059 watts. 
Equivalent resistance looking into terminals (A 
and B) 
_200v__ 200 
Rr aS ie es 
Equivalent resistance looking into terminals (C 


and D) 


= 20.5 ohms. 


50 50 


Equivalent resistance looking into terminals (# 
100-100 

and Dae =7 137 88-4 ohms. 

The —5.81 ohms means, of course, that the 50- 

volt battery does not deliver power but, instead, 

absorbs power. 


8. Loop Current Method of Solving Networks 


The reader by now has undoubtedly noticed 
that an equation was required for every independ- 
ent loop in a network. ‘Two loops are said to be 
independent if, in tracing around one of them, 


elements (resistances and batteries) are encoun- 
tered which do not belong to the other. In general, 
a loop L, is said to be independent of loops L; 
[3 . .. Ly, if there are elements in 1; not found 
in either Z., L3 . .. L,. To illustrate this idea, 
refer to figure 174. In this circuit, we actually 
have 3 loops: ABE FA,A BCDEF A, and 
BCDEB. However, only two are independent 
(only two independent equations can be written 
down). Note that in going around loops ABEL A 
and B C D E B, all the elements in loop 
ABCDEFA are covered. To show this more 
clearly, the loop equations will be written. 


1001 tO CB EA) (1) 


ois 00-7 o1,—-On Cb. TD HB) (2) 
Now we might think that going around loop 
ABCDEF A would give another equation. Thus, 


100—7,—27,—50=0 (3) 
or 50—J/,—2/,=0, 


but adding (1) and (2) gives 50—J,—2/,=0, show- 
ing that (3) could have been gotten from (t) and 
(2). Therefore, the information contained in (3) 
is already contained in (1) and (2). In other 
words, going around loop ABCDEFA gave 
no new information. This shows exactly what is 
meant by independent loops. Going around each 
loop gives additional information (another equa- 
tion) not already obtainable from the others. 
Therefore, the number of simultaneous equations to 
solve (after using the second law) is equal to the 
number of independent loops in the network. 

a. The loop-current method of writing down 
the loop equations automatically makes use of 
Kirchhoff’s second law. To illustrate the method, 
the equation of the previous problem will now be 
written down on the loop-current basis: I; and & 


(fig. 175) are called the loop currents. This is 
A  |'O0HM Bg  20HMS ¢ 
100 —L aa 5O 
VOLTS = = VOLTS 
F E D 
TM 661-160 


Figure 174. Loop current method. 
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2 OHMS 


1 OHM B 


+ 
100 => 
VOLTS” 


E TM 661-16? 


Figure 175. Forming equations by using loop current method. 


not to be understood to mean that J,, for example, 
flows through every element ofloop @. Obviously 
the current from B to E through the 3-ohm re- 
sistor is 7,—J>. (This is what is meant by saying 
that the second law is used automatically.) From 
loop @), 

100-3 (= 0 


or 100=41,—3h.. 
From loop @), 
—2/,—50—3 (U,.—h)=0 
or —§0=—31,+5h. 
The two equations are therefore— 


100=4/,—31, Loop QQ) 


Loop @) 


b. There are several important points to notice 
about the equations for loops G@) and @) above. 

(1) In equation 1 obtained from loop @, 
the coefficient of J; is the total series 
resistance of loop 1 (1 ohm+3 ohms). 

(2) The coefficient of J, in @) is the negative 
of the resistance coupling from @) to @) 
(— 3 ohms). 

(3) The same applies to equation 2. 

(4) On the left of each equation is the emf in 
each loop actmg in the direction of as- 
sumed current flow. The 100-volt bat- 
tery acts clockwise, and —50 volts acts 
clockwise in loop (@) and, therefore, in 
the direction J). 

(5) (1), (2), (8), and (4) hold only if all loop 
currents are assumed to flow clockwise 
in each loop. 

c. The procedure for writing the loop equation 
for any number of loops ean now be stated on the 
following form: Draw as many loop currents as 
there are independent loops. The directions of 


—50=3/,+5h, 
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all these currents are clockwise. In writing the 
equation for any loop, the coefficient of the corre- 
sponding loop current is the total series resistance 
of the loop; the other loop currents enter the 
equation multiplied by the negative of the resistance 
which couples them into the loop for which the 
equation is being written. Equate this equation 
to the emf in the loop under consideration acting 
in the direction of assumed loop current (clock- 
wise). 


12 OHMS. 
TM 661-162 
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Figure 176. Loop current method; example No. 1. 


9. Examples of Loop Current Method for 
Solving Networks 


a. Exampte No. 1. In figure 176, note that 
there are 3 independent loops and that all loop 
currents are drawn clockwise. 

The resistance coupling loop @) to @) is 3 ohms. 
The resistance coupling loop @) to @) is 9 ohms. 
The resistance coupling loop @) to @) is 0 ohms. 
The total emf in loop @) acting in the direction of 

I, is: +200—100=+100 volts. For loop. @, 

this emf is: 100+50=150 volts. For loop @ 
this emf is: —50—300=—350 volts. 

The total series loop resistance for @) is: 1+3 
+4=8 ohms. 

The total series loop resistance for @) is: 3-+5+9 
+10=27 ohms. 


The total series loop resistance for @) is: 9+2 


+8+12—31 ohms. 
The loop equations are: 


100=8/,—3/,+0/; 


Loop @) 
150=—3/,4+271,—91s Loop Q@) 
—350=—0/,—9/,+311; Loop @) 


The student should convince himself that he fully 
understands how to write down the loop equations 
by working out as many examples as possible. 
With a little practice, the equations can be 
written down on sight for any network no matter 
how complex. 


b. Exampue No. 2. 


In figure 177, there are seven independent loops and seven equations will be 


required. These will be written down on sight as follows: 


150=16], —101, 
70=101,; +361, — 2013 —A4lT, 
—320= — 201; +64]; 
—50= — 301; 
—10= —4I, 
—100= —11/; 
510= 


—TI, 


—2I, 
+781, 
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Figure 177. Loop-current method; example No. 2. 


Of course, the solution of these seven simultaneous 
equations still presents a formidable problem. 
Since any network no matter how complex can be 
thought of as a system of loops, this method finds 
its greatest application in the analyses of general 
networks. Of course, it can also be used to ad- 
vantage in the solution of particular problems. 


10. The Principle of Superposition 


Suppose a beam is supported on two pivots A 
and B (fig. 178) and that a force Fis applied to the 
center of the beam. The beam will deflect a 
certain amount. Now the force F; is removed and 
a force F, is applied. Again, the beam will deflect. 
Let both F, and F; be applied simultaneously; 
what is the deflection? Provided neither F, nor 
F, nor F,+F, is great enough to tear the beam (no 
permanent deformation) it will be found that the 
new deflection is the sum of those which existed 
when both f; and Ff, acted alone. This is in 
essence the principle of superposition. ‘This prin- 
ciple applies equally well to electrical circuits com- 
posed of resistors and batteries. The resistors 
must be bilateral and linear. This means that 


the resistor must offer the same resistance to 
current regardless of the direction of current flow, 
and its resistance must be independent of the 
amount of current flowing through it. Of course 
the circuits ordinarily encountered in d-c work 
are of this type and are the only ones which will 
concern us. A network composed only of such 
elements is said to be a linear and bilateraé net- 
work. This automatically excludes the use of 
diodes or other vacuum tubes in a circuit, since a 
diode allows current to pass freely in one direction 
(looks like a short circuit) and allows very little 
current to flow in the other direction (an open 
circuit). It is obviously not bilateral. With 
these preliminaries out of the way, the principle 


F, OR Fo OR F, + Fo 


Da Z 
we 
~~ _ — 
DEFLECTION DUE ead trae ee DEFLECTION DUE TO 


Fr +Fo= A, + Ap Fo= Ao 
TM 661-164 
Figure 178. Principle of swperposition. 
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of superposition as apphed to electric circuits can 
now be stated: In any network containing resist- 
ances and batteries, the current through amy part 
of the circuit can be found in the following way: 

a. Short all batteries except one, leaving only 
their internal resistances in the circuit. 

6. Find the current through the part under con- 
sideration. 

ce. Do this for each battery present. 

d. Add all the currents found, taking mto con- 
sideration their signs. This sum is the current 
that flows through the part of the circuit when all 
batteries are acting simukaneously. 


11. Application of the Principle of Super- 
position 


a. Exampite No. 1. Consider the problem of 
the two batteries in parallel (fig. 179) which has 


10 
VOLTS f 


100 
TM661I-I65 


Figure 179. Principle of superposition applied to an electric 
circutt. 


already been solved in paragraph 7a. The current 
through the 100-ohm resistor was found to be .2 
ampere. Let us find this same current by super- 

position. 
(1) Frst, short the 10-volt battery. The 
circuit is then connected as shown in 


figure 180. 

The .1 ohm and 100 ohms in parallel give: 
1 i 

Ty i =T00L7 = ohm (~ means 
101 


approximately) .. J = Ep RANE SEO ce 
ae Ma Tae et rt aaa 


125 amperes. 


Drop in the .3-ohm resistor=.3 XK 125= 
37.5 volts. 
Voltage drop from B to A=50—37.5= 
12.5 valts. 

ibeaeie | 
I= STiTivin® =.125 ampere. 
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(2) Now, short out the 50-volt battery. The 
circuit is then connected as shown in 


figure 181. The .3 ohm and 100 ohms 
in parallel grve— 

: taal i a3 ohm 
{tion 3 1-01 

10 LO 100 

I re, igh gee ampheres. 
The drop in the .1-ohm resistor is .1X 
25= 2.5 volts. 
The voltage drop from B to A is 10 
—2:5=7.5 volts. 


i20 
The current J L=T90 
Therefore, from our principle, the current 
through the 100-ohm resistance when 
both batteries act together is .125+ 
.075=.200 ampere, which checks with 
the previous answer. 


=.075 ampere. 


TM 661-166 
Fiugure 180. Figure 179 with 10-volt battery shorted. 


b. Exampite No. 2. Consider the problem of 
paragraph 7c where the value of current J; through 
the 5-ohm resistor was found to be —8.6 amperes. 
This problem also can be solved by superposition. 


= 
It 


TM 661-167 
Figure 181. Figure 179 with 50-volt battery shorted. 


100 
TM66I-168 
Figure 182. Principle of superposition: example No. 2. 


Note. The circuit of figure 182 is the same as that shown 
in figure 173. 


(1) First, short the 200-volt and 100-volt 
batteries. The circuit is then connected 


as shown in figure 183. Combining the 


two parallel branches grves— 
1 1 1 


11 .091+.0059 ~ .097 


= 10.42 


20 


100 


TM 661-169 
Figure. 183. Figure 182 with 200-volt and 100-volt batteries 
shoried. 


50 


20 


100 


TM 661-170 
Pigure 184. Figure 182 with 50-volt and 100-volé batieries 
shorted. 


(2) Next, short the 50-volt and 100-volt 
batteries and the circuit is connected as 
shown in figure 184. 

The two parallel branches give— 


: = : =~5 ohms 
io 0067 


2 09 00 NR LAL 
oH 767 12-5 amperes. 


The voltage drop in the 10-ohm resistor= 
10X12.5=125 volts. .. Drop in t-ohm 
resistor=12.5 volts. 


Drop from A to B=200—12.5—125= 
200 —137.5=62.5 volts. 


i= = — 12.5 amperes. 


(3) Finally, short the 50-volt and 200-volt 
batteries, and the circuit is connected 
as shown in figure 185. 


10 A 50 


B 
: TM 661-171 
Figure 185. Figure 182 with 50-volt and 200-volt baitertes 
shorted. 
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The parallel branches give— 

Toe, Baa 
He aOR USE OS rte 
ign 


=3.44 ohms. 


The voltage drop from B to A~100. 


— .577 (170) =100—98=2 volts. 
mE LOO 
iwi 7o4 3 

The current that flows through the 5-ohm 

resistor when all batteries act together is, 

by superposition, the sum of the cur- 

rents (/3) found in (1), (2), and (3) 

above. Thus, 1=3.29—12.5+.4= 

—12.5+3.69=8.77 amperes. We see 

that this checks very well with the cur- 

rent of —8.6 amperes as determined in 
paragraph 7c. The .17-ampere difference 
is a result of slide-rule error. 


=.577 ampere. 


12. Thevenin’s Theorem 


a. Suppose we have a network which may be 
composed of any number of batteries and re- 
sistors. The network is placed in a box (fig. 186) 


NETWORK 
(BATTERIES, R 
RESISTORS, t 
ETC) 
TM 661-172 


Figure 186. Network placed in box. 


for purposes of analysis. Two leads are bought out 
to which a load resistance is connected. What is 
the current J; through R,?. Two facts must be 
realized. 

(1) The value of J; will, in general, depend 
on the network being used (the value of 
batteries and resistors in the box). 

(2) I, will also depend on the value of R, 
(obviously). 

b. Now, suppose the following experiment is 
performed: A variable battery and an ammeter are 
placed in series with R, as shown in figure 187, 
Also a voltmeter is placed across the source of 
voltage. Then, the variable source of emf is 
varied until the ammeter reads zero. Let the 
voltmeter reading be EH. By superposition, we 
know that the current through the load R, with 
the source on the circuit is the sum of two currents: 

(1) That due to the variable source alone, 
all sources in the box being shorted 
(only their internal resistance left in the 
circuit). Call this [,. 
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VOLTMETER 


VARIABLE SOURCE 
OF VOLTAGE ~. 


NETWORK 


AMMETER 
TM 661-173 


Figure 187. Figure 186 with variable battery, ammeter, and 
voltmeter added. 


(2) That due to the network alone with the 
variable source shorted (sources assumed 
to be ideal-zero in internal resistance). 
But this current is the one which would 
flow through R, if it were connected 
directly across the output terminals (A 
and B) of the network and is the current 
we are interested in determining. Call 
this current J,. Since the ammeter reads 
zero, the sum of these two currents (when 
the voltmeter reads )) is zero. This, 
I’",=1,4+1,=0. ILL=—I', Buttes 
the current that flows through R, with all 
sources in the network shorted. When 
all these batteries are shorted, the net- 
work presents between (A, B) a resistance 
of value Ry (any combination of resist- 
ances can be reduced to one resistance). 


Therefore, I’ are This is shown 
0 L 


in figure 188. With all batteries in the 
network shorted, the network presents a 
resistance of value R, to the terminals A 
and B. When the voltmeter reads Hy, the 
current through the load R; is zero. Now 
apply Kirchhoff’s first law to the loop 
BACDB. This gives: —V,;,+H)=0 
(Veas=drop from B to A). Therefore, 
Ev=Vaa. But Vz, is the voltage meas- 
ured between terminals A and B on open 
circuit (since ammeter reads zero) and is 
of course independent of R, (it is meas- 
ured with R, disconnected). This now 


OB 
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Figure 188. Resistance looking back from terminals A und 
B with all batteries shorted. 


—<-. 


Ee 


2a 


gives the result shown in figure 189. A, is 
the open circuit voltage of the network 
between terminals A and B. (K, is the 
voltage indicated by a voltmeter con- 
nected between A and B with R, discon- 
nected.) A, is the short-circuit resistance 
of the network between terminals A and 
B (it is measured with all batteries in the 
network shorted and R, disconnected). 
Of course, for any given network, A and 
Ry are constants and can be measured in 
the laboratory. Once £ and R, are deter- 
mined, the above question can be used to 
determine the current J; for any value 
R,. This theorem will now be applied to 
the two problems previously solved by 
Kirchhoff’s first law and by superposition. 


NETWORK 


epee eo 
TL ly ROFRL (1) 
(MINUS SIGN IS IMMATERIAL) TM 661-326 


Figure 189. Thevenin’s theorem. 


13. Examples Showing Use of Thevenin’s 
Theorem 


a. ExaAMpLE No. 1. In figure 190, the 100-ohm 
load is R; and the two batteries in parallel consti- 
tute the network. To find J;, the open-circuit 
voltage between A and 6 must be determined 
(100-ohm load disconnected) and the short-circuit 
resistance Ry looking into A and 8B (all batteries 
shorted) and the 100-ohm load disconnected. 

(1) To find £) with the 100-ohm load re- 
moved, the circuit is connected as shown 
in figure 191. Obviously, there will be 
only the current J. J —?=100 amperes. 
The drop in the .8-ohm resistance= 100 
.3=30 volts. The voltage drop from B to 
A=50—30=20 volts= /. 

(2) To find Ro, short all batteries and connect 
the circuit as shown in figure 192. 


1 1 3 
he= = = == (0) 7/15 ohm. 
1 1 10 40 
ty Gees 
E fe a .2 ampere, 


pee 1 00k075 


945343—51——13 


R, =100 
C TM 661-327 


Figure 190. Application of Thevenin’s theorem: example 
INOne Le 


R,=!00 


TM 661-328 
Figure 191. Figure 190 with Ry, removed. 


A B 
ae) 


ee 


R,=100 
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Figure 192. Figure 191 with all batteries shorted. 


which agrees with the answer already 
found. 

b. Exampte No. 2. The problem is to find J; 
(—8.6 amperes) by the use of Thevenin’s theorem 
(fig. 193). In this case Rp =5 ohms, FZ) is the 
open-circuit voltage between A and B, and R, is 
the resistance seen between A and B with all bat- 
teries shorted (of course, the 5-ohm resistor is dis- 
connected while finding these quantities). 

(1) To find #) with the 5-ohm resistor dis- 
connected, the circuit becomes a simple 
series circuit connected as shown in figure 
194. 

300 


=—— =], : 
181 66 ampere 
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Figure 198. Thevenin’s theorem: example No. 2. 
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Figure 194. Figure 193 with the 5-ohm resistor disconnected. 


The voltage drop from B to A is Vae+ 


Veot Vort Var. 
Vac=50; Vep=—100X 1.66=— 166 
volts. 
pr= 100—20 X1:66=100—33 :20= 
66.80 volts. 


Vur= —50X1.66=—83.00 volts. 


+116.8=—132.2 volts. 


Therefore, Hy>=—132.2 volts. 

(2) To find Ry with all batteries shorted, the 
circuit is connected as shown. in figure 
195. Between A and B, 11 ohms are in 
parallel with 170 ohms. 


ance is 
1 ae a 
1 1 .091-+.00588 
Tis 170 
LET eee fe 
cut) Oi, mites Wee 
aur S239) 9 Beas Lo 
This gtves for J;, 10.3457 153 


=—8.65 amperes. 
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The total resist- - 


100 


B 
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Figure 195. Figure 194 with all battertes shorted. 


c. EXAMPLE No. 3. An interesting application 
of Thevenin’s theorem is m finding the conditions 
under which a network delivers maxtmum power 
to a load (fig. 196). The load RA, is connected 
across the output terminals of the network. What 
must be the value of #, in order that it may absorb 


maximum power from the system? By They- 
Eo 
enin’s theorem, the load current J;= 
“Rot Rr 


where Ey)=open-circuit voltage of network and 
o=short-circuit resistance of the network. The 
oe 
(Ro+ R,)? “j 
Of course, EZ) and R, are constants of the network; 


power absorbed by #, =1,?R,= P= 


NETWORK Re 


B TM 661-333 _ 
Figure 196. Network connected to load Rr. 


the only way this power can be changed is by 
changing R,. The problem is to determine fz so 
that P, has its largest possible value. 


Expanding, 
pee ig lola cs E? 
# Ry?+ 2h ki+h, a+ 22,+ Rr 
L 
1s Ey 
=e 
Fit Bt2% 


Now 


RZ _ (R Sep i 
eNO R le pee eee 
RR; . (VRx) +4 0 


as is easily verified by expanding: 
Ey 


If P, is to have its largest value, the denominator 
of this equation must have its smallest value. 
This will be so when—. 


(ae -1%) 2 


pi a ea Me giving dtp Wi 4 he is 


2 
Wiens; =o, P,—P teats 
4Ry 


R,=0 


We have therefore just proved: in order to deliver 
maximum power, a network must be connected to 
a load whose resistance equals the short-circuit 
resistance of the network. This is known as 
matching and is extremely important in electrical 
work. Let us apply this result to a battery whose 
internal resistance is 2, as shown in figure 197. In 
this case, Ry is R. Therefore, in order to deliver 
maximum power, a battery must be connected to a 
load the value of which equals its internal resistance. 


Under these conditions, J,= Ron = - 


| eee FE? 
The power delrtvered to the load is aR? R=Tp 


The power dissipated in the internal resistance of 
2 


the battery is also 


rank 
The efficiency of the system is— 
ES 00 = wee AS t= 5X 100= 50 percent. 
input it eee 

4R 4k 


When maximum power is being delivered, the 


RL=R( FOR MAXIMUM 
POWER) 


TM 661 —334 


Figure 197. Load Ry connected to battery which has internal 
resistance R. 


efficiency of the system is only 50 percent. Also, 


the current under this condition is aR’ FR is usually 


very small for good batteries and, consequently, 
the current is tremendous. These are the two 
main reasons for not operating batteries at the 
maximum power point. 


14. Delta-to-wye Transformation 


A of figure 198 shows the resistors connected 
in delta, and B of figure 198 shows three resistors 
connected in wye. Very often in the solution of 
problems, delta or wye configurations are met and 
their solutions can be most simply obtained if 
some way of transforming a delta into a wye, or 
vice versa, is known. 

a. What is meant by saying that wye is equiva- 
lent to a delta or a delta is equivalent to a wye? 
Suppose the delta were put in a closed box, and 
three leads were brought out as shown in figure 
199. Having no knowledge of the contents of 
the box, the following three voltage and current 
measurements can be made. A voltage is to be 
applied to terminals a and 6 and the current in 
line (a) reads (c, floating), as shown in figure 200. 


The rate ai is the equivalent resistance of the net- 


work between terminals a and 6. Similarly the 
same can be done for the other pairs of terminals 


Ra 
R Ro 
Rp Rc 
DELTA A | WYE B 
TM 661-335 


Figure 198. Resistors connected in delta and wye. 


TM 661-336 
Figure 199. Resistors connected in delta placed in a box. 
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Figure 200. Figure 199 with voltage applied between terminals 
a and b. 


(a and c) and (6 and c). In other words, the @) 
voltage and @) current measurements yield three 
values of resistance: Ras, Ro, Rac. This is the 
maximum knowledge about the network that can 
be gotten without opening the box and looking at 
the circuit. Obviously, if another network is put 
in the box and connected between the leads (a, 
b, and c) and the same values of Ra, Ry, and Rac 
are obtained, the two networks are equivalent as 
far as any external measurements are concerned. 
For example, if a wye is placed in the box (fig. 
201) conditions for equivalence require electrically 
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Figure 201. Resistors connected in wye placed in a boa. 


that it behave the same between any two ter- 
minals as the corresponding delta. These ideas 
make it very simple to determine a wye equivalent 
to a delta (fig. 202). The resistance of the delta 
between terminals (1) and (2) should equal that 
of the wye between the same terminals. This 
gives— 


R,(Ry+R;) _ 
Rath eres 
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(1) 


(1) 


(2) (2) 
(3) (3) 
A B 
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Figure 202. Resistors connected in delta equivalent to resistors 
connected in wye. 


for terminals (2) and (3), 
Rh, +h») 


RiGee eae 
for (1) and (8) 

RAR, AR, _ 

Rot hehe eae 


6. Note that there are three simultaneous equa- 
tions of R,, R,, and R,, the legs of the wye. The 
solution of these equations yields— 


Delta-to-wye 
p—_ 2k 
R,+Rh,+R; 
Fee 
Ri +R.+R; 
oS 
“ Ri +h,+R; 
Wye-to-delta 
R RR, = R,R, = RR 
ae R, 
R ew RRy a= R,R. “ts Telia 
<r R 
b 
R ae RR, + RR. =F fila 
3a ee 


As an application of these formulas, two examples 
will be worked out in the following paragraph. 


15. Examples of Delta-to-wye Transformation 


a. Exampute No. 1. For the circuit shown in 
figure 203, find the current delivered by the 10-volt 
battery. 


10 
VOLTS 
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Figure 208. Delta-to-wye transformation: example No. 1. 


Solution: To solve this problem, the delta A B D 
will be changed into a wye (dotted lines). From 
the formula given, 


Beco! oe 
fee 7 9737-673 O8m 
Laue ieee 
fy 794376 9 bm 

Be G3 a8 
R, [+243 g7 1 ohm 


The current now becomes as shown in figure 204. 
The total resistance of the circuit is -ohm in 
series with 4}, ohms in parallel with 6 ohms. The 
parallel combination gives— 

4 


1 1 1 1 
Tj 1 31 231+.1065 308° PD 
oreo. 3 6 
Total resistance (between A and (C)=.5+2.51= 
10 
3.01 ohms. f=3 {73:32 amperes. 
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Figure 204. Figure 208 after delta A B D has been trans- 
formed to wye. 
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Figure 205. Delta-to-wye transformation: example No. 2. 


100 VOLTS 
= + 


OLTS 


100 V 
= 1+ 


I 
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Figure 206. Figure 205 after A B C and C D E have been 
transformed. 
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b. Exampte No. 2. In figure 205, find the (5) The circuit then can be redrawn as shown — 


current delivered by the 100-volt battery. The in figure 207. The parallel combination 
solution is as follows: _ gives— 
(1) Delta A B Cis reduced to a wye. 
CS ere 
TeX lees eee aaa 1 1 1215-4.137," 1352 
Mem GRE eh 4.64 7.30 
(2) Delta OC D E is reduced to a wye: (6) Total resistance between A and B= 
3.35 +.284=3.634 ohms. 
Sp Spee ae ee 
fa te otro home olmns: T= ype=275 amperes. 


(3) The circuit can now be drawn as shown 
in figure 206 or 
(4) The delta A! B' C’ can now be reduced 


to a wye. 
Faas Baebes 
f= Fy o¥t1 17 1 et ohm. 
R= 17 maak aia ohm. 
16.32 VOLTS TM 661-344 
535 10% 3 3 Figure 207. F2 06 after A! B!-C! has 
jis zs =3.35 ohms g . Figure 206 af C! has been transformed 
. ey 1% ; . ta wye. 
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APPENDIX IV 
MISCELLANEOUS 


1. Greek Alphabet 


Name 


2. Symbols 


Quantity 


WielOUli yen rene Seu b 
Acceleration____.________- 


Capital 


meter 


and base of natural 


Subrationalized mks. 


Meter. 
Meter. 
Kilogram. 
Second. 
Meter/sec. 
Meter/sec?. 
gone =newton. 
Joule. 

Watt. 


1 
(86x X< 10°) farad / meter 


Small Used to designate 
(Uns citar dies Mays Angles, area, coefficients, and attentuation constant. 
(CAE ee eee re Angles and coefficients. 
per tee eee Electrical conduetivity and propagation constant. 
biases a es Sa ae Angles, increment, decrement, and determinants. 
CER USS ye Dielectric constant, permittivity, 
logarithms. 
Ree < Se . Coordinates. 
ess pee Saale Efficiency, hysteresis, and coordinates. 
AB sap ieaes wae Angles and angular phase displacement. 
en SY ees ae Coupling coefficient. 
pct SGA ae ae 
Nee eae! Wavelength. 
Va Se NE an Permeability, amplification factor, and prefix micro. 
PS ete 
firs Seow 
OSs alee ree 
F Sars EMS Pi=3.1416. 
Pi ton eee es Restivity and volume charge density. 
oceans L Summation. 
Te 5 ae Time constant and time-phase displacement, 
Use S252 aa, 
poe sa Magnetic flux and angles. 
Do eRe eso Angles. 
YS eee Dielectric flux. 
Co ese ee Resistance in ohms and angular velocity. 
Equation Practical unit 
ee Ne Toe ee ORC Centimeters ssa 
Peter, Mee ay Noe 8 ey St cea cCentimetersaes fe 22s = Le 
wad oth. eee eh Da ed SCCOUG PREY Asso asl Ua 
pr=l/i.5 Ba eee CHIC CRM gates = Bee ee 
= [Gee Oe ee ICO TN NCCES SB: Fat 
| PAS 5 OS py SES NS I ge Le po Sh ke ee ep 
Wank. lee ae | OU eae bee raha 2 ot te 
P20) en ee eee Wh GE ee iy ia ee 
1 
Le ee ee Sn ee (x105) Parekh Cit js lees 
IPN Oe es Se COMM Ss 2a ee 


Coulomb. 
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Quantity Symbol Equation Practical unit Subrationalized mks. 
Capacitanee. 92.2. 2e3- Cae ae C= Cue anes ee See fatadnae. 2 eee oe Farad. 
Potential difference_______ VEOne lh eae Vem Sf ee Ree Se Volto 328004 2 eee Volt. 
eer Sey ey eee tae Cae. ee. C= 0h Gate eee VOltUS eee eae ee Volt. 
urrents224 seer eee | aS l=d4 di ae a AMPCTOS eee, Se wee ee Ampere. 
Resistances-s =. Sc eee | (pe ee ee er R= Vp Sone eae Olina 5 Fe aw te ae Ae ames ohm. 
Resistivity ees ae ee PROB IA |) ARTI Rs tn tet ay Oe ee Clayny (ieee se tS Ohm/meter. 
Wonductances. 222505 a Ges eee sore GSS Re eer milo 36 Ss.0-e Seen eae mho. 
Conductivity aj. sae ee ay iet ale, y= i Oe ee ae ee TAN GCL a ae mho/meter. 
My, 
Permeabilityaess = ee. ee i eS Se ee ee Sa 10~° henry/em__--_-____- aaa 
Reluctivity=2—2=-=— eae eS Roo 3 Ov matt AT oA ieee NE ee tin Say 
Polegstren c(e see ees Maw ptepeen ke 2 E971 1103) he | area at nny Shy le al ge Weber. 
Magnetomotive force______ Dee ae ee eae RI LR, TE eee Ee Eo | i mw ampere turn_________ Ampere turn. 
Magnetizing force_________ TiS anaes Hl ss =e ye ue CANOE) [VIM ee ae Ampere turn/m. 
Magnetic flux density _____ LE ee OS rer ee Be Seen ae eee Wie DEL /cia* ae eae Magee Weber/meter?. 
Maonetic ftxa maaan 7 ono eae ER 5 b= DA ae ees ee weber or volt-sec________ Weber = volt-sec. 
af 
IReluctancesses= 2 asa I pa Rds ap agey 2 Ei gy ee = sate SUS eee ampere turn, 
inductances = ae es ae i ipehwreiaie 2 Ae 1 — (di db) eee ee ONT Vinee eee epee a Henry. 
3. Conversion Factors 
To convert— Into— Multiply by— Conversely multiply by— 
AIM pere-NOUTSuc. a fe ee ee Coulomtbhsip guaeeo See eee ea 3,000 520. ate ae 2.778 x 10-4. 
Aimperes-per so emia S400) wah to eee Amperes per sq. inch_....._-2.._L.- O34.020) = Be See 155. 
AN Pere Turns hee ee ee oe eo ee Gilberts. 2) 3 Jee 2 See ee eee LZ et eae .7958. 
Ampere turnsi per cme, eee Ampere turns per inch____.-_..___- AE ea ON IRE .3937. 
Btu (British thermal unit) ___________ Foot-pounds S22 is a ee ae CG Aa aaa We a Be fe 1.285 x 1073, 
BUU Eee 5) St da eels Pee tees Joules hea Fe ste ee okt ee 1) O54 IS ae eee 9.48 x 10-4, 
TSU Sek ae ee a ee Kilogram-caloriesit 235. eee 2 eee WD 2 eee te ee 3.969. 
Biuee? eee Ae ee See ae ees Horsepower-hourss.—- 2 ease S20 Onan eae 2,545. 
Centigrade = #u_=Visai ot a et ce Fahrenheitie st Mite et eh eee (C° x 9/5) +32.___| (F°—82) x 5/9. 
Circular, mils ¥ou. tae oes oe Seen Square ‘centimeters =. so (2) ae UNO Z( Se WO pL Ss 1.973 x 105. 
Cireular; iiilg 20.5 aes ek ee Square miley: ase i Be eS Ay fosiy Week wee vy SER ES 1.273. 
Gubicanches: #05 ees So a lee Cubie centimeters; =) a a LOSS OS ee eet ote 6.102 x 10-2, 
Cubic-inches seu". es ss ete ke Cubigtieet 224 we oe OF. SAP ean rae out oe 1,728. 
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Deeks. lh ee Peer eee eee eS Foot-poundss2 sses saa ee ees 1 GUL SkeLO gees eee 1.356 x 107. 
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Gauss Se 75: 275 eee oh ans A Lines per sq siinehrae ees eee te 6/452 22S a eee pb os 
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To convert— Into— Multiply by— Conversely multiply by— 

LeU OR See a ee cs ee are Centiméters £2222 bse fa cea es Vip Ske!” = soon .3937. 

inches settee 2 oe ie Ey ae ee In GU oe Be os ee ee Sere iil eu 0008s 4252 tos .001. 

GULCH SeereyNe eet he. stus ve Lhe SN Se ei IPOot-peundsssaeme seins ao Stee fist O een ee eS 1.356. 

YOUU ES Sis NE Be ee ee ae ee ie ieee Eros aoe 7 ee ae SE RAL RS Ste ahd oe IOS cog pas ee eae TOmeas 

Kilogram-calories_____ ed Sh ey. Bilojoules Setene twee te ete es ee Ari Gee eee Se ee .2389, 

TAC COyRaT NGS 9 es Sa ee ge Pe ey de Pounds \(avolrdupois) 222.2 222-05. 1 2) a) ee LES .4536. 

SOP MELENC eMC LOD Se 2 ee ee Pounds petisd sf 00ts = sae ane eee DOA) AS teen eee 4.882. 

LNT CLEATS. 2 a ka Se Bree th, pees reer cathe te cle, Seeddhe yg 9a eu Epson a2 2k Nie ee 3.048 x 10-4. 

EailowavpclOUnses sso ae et Le FS CREE IN gs Tice Bla) A ie tae PY OLED mee tS 2.93 x 105%. 

TOW Ate OUTAS a ene seve ee os Se oe Hoot-pounds. = crs faeces ae eee ee PAA NSIS) 9-¢ iO Se 3.766 x 1077, 

alow atichOurse =a eee eee JOU es ees SR ECE days Se ed Sc Spx OSes ee 2.778 x 1077. 

GO wAte=NOURSS— a oe Se JS Kealopram=Cal Ores sae anaes eee SOO tia eee ee 1.163 X 10-3, 

Relosaot-WOUrsejee =. Sacks eel Glog ram=TNehers aaa = means span SHOVE. < Gp re eae & 2.724 X 1075, 

BLS oS ERS ge eee ee ee and Gubig-msetersas ee se ee ee OO Daaen as: See st ae 1,000. 

LUNGS Se Se ee ie a a Cubictinchesh-om ea = soa Cee Fel Oo ee SIs as 1.639 X 1072, 

Voatieceyeeh Ae Eee Sk en Gallonsa digi iS) eeeete ae eter DAD Ses ee ea ee 3.785. 

eitercmepe ee eee tt LE ed) Et eS Pintea (ligase see ere Pipa ba We Ye gee oe Sete os 4732. 

IMIGber Semen Saat Oe a) ae oud BYE fo khan, y ais Ore ais ae ee ee BLA O)9) bec tiegile Nye aT 9144, 

WMiehersipermineet 5. Soo eS Reetiper mins eee ee apt ean Or S ete pe a eet .3048, 

Miotera per wines aie Tle ee ea ‘Kalometerss per, tyes oF erie Baek oat Gse eet se oes 16.67. 

IM eae CNet UIC a) Reis oh ee on sl Kilometers ee 2 oo ee ee ISSO Bese hee Slee .5396. 

Miles (statute) ______ Pe 2 ot bo ASG renon\eheiesje gee eee eee at 1260 9 Seat rire esse .6214, 

Paneer mersitewe ee oh koe State eee Kalometerg per -min=-=—~_-= 2-2 22) 2.682 < 105222 37.28. 

WagrecmpOent ies _ fee coe 2 8a Se Feet per minute:. 25.2 2es.2. Je-2 2. Goss le ee 1.1386 X 10-2, 

IMAleeaperalinecys este 2 SE ae we Sky oe Ye Kalometerspershbre see eo 1G O09 Pees Bees We .6214. 

Ronin alsaces eek a ee ee LN TLCS ieee weenie Gane Ain Be SS3) Oe eee 7.233 X 10-5. 

ED UIENG Sic ermeee weer etal Seek ia ek Pounds +(avomrdupois))s===_— =ast= see SOS <n ee Olan 

BCieeben Memmi 2 i ese CiRCULAtpI ise, ons Oe eee Rees a TZ tO Rea, 7.854 X 1077, 

SCmll COGS eee arse bel 2 oe ese SCECemtlae Lhasa ete mene One eS Out Zee en as 155: 

SSC MECC meee ea, A Ste Sy SCPIMCLGRS = se eee ee eset ane ny yet OZ OS CAO esan eae ee 10.76. 

SNE} CEES: cole eel ee a SOL Val deta ee. icine a ee S-RUS x1 Ons ees 3.228 X 1077. 

SG), GOVUCS. S os Se rela ee ee Sqekilometers: sae 20 ak eye eee ISS Si ae eel 3861. 

parmmaulimeters... 2.4524 Soe eek ae @ireularmilsciyoo+ eso eo eg ee NE YG Ec oe re enrages 5.067 X 1074. 
- Tons, short (avoir 2,000 lb.)_._______- Lonness is OO0ORK 0%) Seay, a eee DOT De eters. Seok ble 1.102. 

‘Tons, long (avoir 2,240 lb.)___._...-- rhonnese (1s 000 thio.) aeeeke are ey TOU Geen ee ee .9842, 

Tons, long (avoir 2,240 lb.)____-__--- Tons, short (avoir 2,000 Ib)________-_ ile 20) ake ee Sc el _| .8929. 

VVieulit eomenr tye oer ee en te ee ok Se (BGuUl per, Main see cee a ee ere tees * DEO SOP Gil Oss eee ae 17.58. 

\ AVE, a edt pe ie a ee ergs: perisec Seas e2bk nl ee eee TOs oye aes 10". 

Vici Up ene pee emer es yd ee oe ee Ft-lb) per minutes eee see a eee: BAT Gerais en 2 ie 2.26 X< 1072, 

ANY SH sa Ss i ol a re ae Horsepower (550 ft-lb per sec.) ______ ES Aloe esis 745.7. 

\iVGRRGCIS = 3 ea, een ag a ee Horsepower (metric) (542.5 ft-lb | 1.36 1073________ (a0s0: 

per sec). 
WARS eo ee ee Kg-calories per min___...---______- 1.433 10-______= 69.77. 
4. Abbreviations 1 poachers ce voltage 
ern [awrite » cera a electromotive force 

OfObS 20 Sia a a alternating current £Gl eee eee Se foot-pound 

P(e sl es a alternating-current peer see teekee Sed ten ek ho1sepower 

INAWRG peace Se ee American Wire Gage [ie seas a te Te Seon ee current 

18) (S%, |S ee ee Brown and Sharpe (wire gage) AUN ee er eee oe oe Eh Joint Army-Navy 

ile Te ee British thermal unit Kyte Se eun le! pee ens kilovolt 

COM Lene. ope counter electromotive force Kiwi oy eee Peete ee ge kilowatt 

COE al a cen centimeter-gram-second Leesa WN ay ae LO inductance 

Cini ew ee centimeter TB te eee eer eee milliampere 

CG epee te eh direct current DOT pase ae Re ee 4 as Se millivolt 

SET n os Need eS a ea lee direct-current Doe Ae Tay by a ad resistance 

DPD ae ge hoe double-pole, double-throw aS ea Ng Pie Boar ak Sete volt 
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